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THE INSTITUTE OF PETROLEUM 


AN Ordinary General Meeting of the Institute of 
Petroleum was held at 26 Portland Place, London, W.1, 
on 19 September 1956, the Chair being taken by Dr E. B. 
Evans, a Vice-President of the Institute. 


The General Secretary read the minutes of the 
previous meeting, which were confirmed and signed as 
a correct record. He announced the oft 
members elected since the previous meeting. 


also names 


The Chairman said: ‘Vhe work which Dr Lyn presents 
in his paper was carried out when he was on the staff 
of the British Internal Engine Research 
Association, and it is very appropriate therefore that we 
should have in the chair this evening during the reading 
of the paper, Admiral Hoare, who the Director of 
Research of B.LC.E.R.A. | have great pleasure there 
fore in asking Admiral Hoare to take the chair. 


Combustion 


Is 


Adm. D. J. Hoare: Dr Lyn took his Bsc. (Eng. 
degree in 1940, from the National Tsing Hua University, 
China, and was appointed assistant lecturer for the 
following two years in the same university. In 1943 he 


was awarded a scholarship by the British Couneril ane 
the Chinese Ministry of Education to study this 
country. He did post-graduate course at King’s 
College, London, where he took his M.Se.(Eng.) degree im 
1945, and Ph.D. 1953. 1945 to 1946 he was 
technical assistant at the research laboratory of the 
Institution of Automobile Engineers, which is mow the 
Motor Iudustry Research Association. From te 
1949 he was a member of the Chinese Technical Mission 
attached to Rolls Royce Ltd, where he participated im 
design and development work on gas turbine engines 
He began diesel combustion research in 1949. whem he 
jomed the British Internal Combustion Engine 
Association as a research engineer, and subsequently as a 


in From 


fesearet 
senior research engineer. In 1955 he joined the research 
department of CLA.V. Ltd, where he is in charge of diese! 
combustion research. 

Dr Lyn has published several papers on various aspects 
of diesel combustion. He was elected an associate member 
of the Institution of Mechanical Engineers in 1947, and 
was awarded the Dugald-Clarke prize of that Institution 
in 1955. 


Dr Lyn then presented the tollowimg Paper 


DIESEL COMBUSTION STUDY BY INFRA-RED EMISSION 
SPECTROSCOPY * 


By 


INTRODUCTLON 


COMBUSTION research in diesel engines has hitherto 
received far less attention than in petrol engines. The 
reason for this is that the control of the combustion 
processes petrol engines is largely chemical in 
nature, and the development of the petrol engine is 
constantly hindered by abnormal and undesirable 
modes of combustion, such as detonation, pre-ignition. 
To overcome these major limitations to the im- 
provement of performance, tremendous effort has been 
directed to elucidate the details of such reactions, 
particularly from the point of view of chemical kine- 
ties. The control in diesel combustion. on the other 


ete. 


hand. is largely physical, and the development of 


diesel engines has always been in the hands of engi- 
neers who have, so far, managed to avoid the embar- 
rassment of the chemistry of combustion. There may 
be another excuse, though hardly a reason, for our 
meagre knowledge of diesel combustion. The hetero- 
veneous characteristics due to the complicated inter- 
play between the physical and chemical processes 
certainly makes investigation more difficult) than 


* MS received 5 July 1956. 
t Senior Research Engineer, British Internal Combustion 
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the more or less homogeneous processes tn petrol 
engines. 

There are good reasons to believe. however, that 
detail in diesel combustion will 
mounting attention. First. the ad hoe process in the 
development of a combustion system has always been 
more of an art than of a science, and there is an in- 
creasing desire that it should be put on a more scien 
tific and predictable basis. Secondly. although the 
main combustion period is largely controlled by the 
physical processes. there are other aspects of diesel 


pre CESSES receive 


combustion, such as the processes leading to ignition 
(both under normal operating and cold starting con 
ditions) and the nature of the engine deposits and ex 
haust products. in which the chemical processes be 
come important. The advance of the small high-speed 
diesel engines to the automotive field. the mereasing 
demand for diesel engines of all types to digest a wide 
variety of fuel types (particularly the lower grade 
fuels), and the inereasing public concern over the 
exhaust 
atmospheric pollution. all emphasize a better know 


state from road vehicles and its relation to 


ledge of the detail combustion processes than is 
Engine Kesearch Association. Now with Research Depart 
ment, C.A.V. Ltd. 
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called for by mere consideration of power and eco- 
nomy. 

To follow the progress of the combustion processes, 
either in a continuous flow apparatus or in a repetitive 
engine, one has to resort either to the sampling tech- 
nique followed by analysis or to the more direct 
spectroscopic method. For single explosions the lat- 
ter technique is the only possible one. The sampling 
technique is exemplified by the work of Egerton and 
Drinkwater, who used a stroboscopic sampler and 
analysed the cylinder gases during the combustion 
period; and more recently by a series of papers by 
Garner et al,? who investigated the pre-flame reactions 
leading to ignition. The luminosity during the pre- 
flame period was also studied by the latter authors. 
Spectroscopic technique in the ultra-violet and visible 
range has been used by Beck® and Landen,’ but the 
infra-red technique has so far been applied to the 
petrol engine only. Although Beck reported the 
masking of the normal hydrocarbon flame spectra by 
the continuous radiation from carbon particles, it is 
not expected that the same would be true in the 
infra-red range, where even a smoky diffusion flame 
shows a low level of continuum as compared with the 
spectra emitted by the molecular species. The earlier 
work on infra-red radiation from petrol engines was 
rather limited by the instruments then available, and 
the spectral distribution was approximated by a series 
of filters without the use of a spectrometer. In the 
present investigation study of infra-red radiation is 
extended to diesel combustion with improved tech- 
niques. 


THE CHOICE OF EXPERIMENTAL 
TECHNIQUE 


Although absorption spectroscopy is preferred to 
emission spectroscopy from the point of view of quan- 
titative interpretation of the results, practical difficulty 
forbids its application, particularly if a commercial 
engine is to be used for the investigation. It is also 
clear from the beginning that, with the instruments 
then available, it would be impossible to record the 
successive spectra for a single explosion. Even to- 
day the fastest scanning time for the range of 1 yu is 
still in the order of 10 milliseconds, which is approxi- 
mately the whole combustion period in the engine. 
It was therefore necessary that the spectra of the 
various phases of combustion had to be recorded from 
the successive cycles. This could be done either : 
(a) by selecting particular phases of the combustion 
period, one at a time, by a mechanical strobometer 
and recording the spectra, or (b) if a detector of fast 
response, such as a photo-conductive cell, is available 
to record the cyclic change of emission for a particular 
wavelength before proceeding to the next. Prelimin- 
ary enquiry showed that although lead selenide and 
telluride cells have a workable sensitivity of up to 6 p, 
they were then not commercially available. The lead 
sulphide cell, though perhaps more easily obtainable, 
is useful only up to3yu. The first method of mechan- 
ical strobometer-spectrometer-thermopile detector 
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combination was therefore chosen as a suitable tech- 
nique. 


DETAIL DESCRIPTION OF 
INSTRUMENTATION 
Fig 1 (a) is a schematic diagram and Fig 2 a photo- 
graph of the experimental set-up. The various parts 
are as follows : 


Cis the spherical combustion chamber of a Ricardo Mk. II 
Comet design having a diameter of 244 inches. The 
engine is a single cylinder, four-cycle unit with 5-inch bore 
and 64-inch stroke. 

W is the synthetic sapphire window of 4-inch diameter x 4- 
inch-thick aperture. The arrangement allows an accept- 
ance angle which transects about one-fifth of .the com- 
bustion chamber volume. Sapphire is chosen for the 
window material because of its superior mechanical 
strength and chemical resistivity. With the thickness 
used, it has a transmission efficiency of 50 per cent at 5 p, 
which covers adequately the interesting 4:4 « due to COg,. 

M, is a spherical condensing mirror (f = 20-9 em) which 
focuses the flame on to the aperture of the strobometer 
through the plane mirror M,. 

ST is the strobometer driven by the camshaft through a bevel 
gear. The strobometer is designed to have a minimum 
duration of opening of 2° crank-angle. The shutter is 
composed of two concentric disks, one running at 10 times 
the speed of the other, which gives an exposure efficiency 
of 80 per cent, the latter being defined as the ratio of the 
product of aperture opening and duration of the shutter 
opening to that when the shutter has a speed of infinity. 
This is shown in Fig 1 (6) and (c). The phasing of the 
opening in relation to the crank-angle is controlled by an 
epicyclic train and can be altered continuously while the 
shutter isin operation. A dog-clutch assembly is provided 
on the driving end for disengaging the strobometer when 
it is not wanted for operation. 

M, is a second spherical condensing mirror which focuses the 
image in the shutter aperture to the entry slit of the 
spectrometer through the plane mirror M,. 

M, is a plane mirror which can be inserted between the strobo- 
meter and the mirror M,. It directs the light into a 
photocell unit and so enables the shutter opening—-crank- 
angle relation to be determined on a C.R.O. screen. 

SP is the Hilger D264 large aperture infra-red spectrometer 
using @ Wadsworth system. The instrument is chosen for 
its large light reception rather than for high resolution. 
It has a rock salt prism. 

T is the Hilger—Schwartz linear vacuum thermopile with 
fluorite window. Fluorite was chosen because of its 
resistivity against attack from moisture. 

Gp is the primary galvanometer and the Hilger FAI galvano- 
meter amplifying system. Referring to Fig 1 (d), the 
light from the source is shone on the mirror of the primary 
galvanometer through a lens—prism system. The reflect- 
ing beam is split by another prism and projected on to 
two photocells. A small deflexion of the primary galvano- 
meter will upset the balance of the photocell outputs 
which is used to deflect a secondary galvanometer G,. 
This system is capable of an amplification of up to 500 
times. The whole amplifying galvanometer system is 
placed about 15 ft away from the engine and is mounted 
on an anti-vibration platform, which is in turn placed on 
the top of a concrete block mounted on six solid rubber 
balls. This is necessary to isolate the vibration trans- 
mitted through the floor. The airborne disturbance is 
excluded by enclosing the whole unit in a wooden box. 

G, is ng secondary galvanometer and the galvanometer 
scale. 


EXPERIMENTAL PROCEDURE AND 
CORRECTION OF TEST RESULTS 
Before commencement of each test the engine was 
first run for about half an hour at the predetermined 
load and speed with a plug on the window hole. It 
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was then stopped and the window fitted. The engine 
was then restarted and quickly brought to speed. 
. 

lhe strobometer was engaged and the epicyclic wheel 


+444 


pases 


sas 


t 


TRANSMISSION 


Fig 3 
TRANSMISSION CHARACTERISTICS OF WINDOW 


turned until the desired shutter opening position 
obtained. The test was then ready to commence. 

The recording of one complete spectrum usually 
took about 10 minutes, points being taken at 0-l-u 
interval from | to 5 u. For each point two readings 
were taken, one with an oblique shutter placed in the 
optical passage between the strobometer aperture and 
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the mirror M,, and the other without the shutter. 
The difference between the two readings then gave 
the intensity of radiation of a particular wavelength. 
By this method the error due to zero drift was avoided. 
To obtain reasonable galvanometer deflexions, a 
rather large slit width (0-5 mm for ail engine tests) had 
to be used. This resulted in poor resolution, but it 
was considered to be tolerable in this preliminary 
investigation. 

The galvanometer readings thus obtained have to 
be corrected for (a) transmission characteristics of the 
sapphire window and (4) the variation of dispersion 
with wavelength of the spectrometer. These are ex- 
plained in the following section. As only the relative 
intensity of radiation is being studied in this report, 
no correction for the losses due to reflexion of the 
various mirrors was made. 


(a) Correction for Transmission Characteristics of the 
Window 

The transmission curves of a clean sapphire window 
are shown in Fig 3 (a). ‘However, it was found that 
due to deposition of carbonaceous substance, this 
characteristic was greatly altered as the tests pro- 
ceeded. In Fig 3 is also shown the transmission 
curves of the window after 15, 20, 30, and 45 minutes 
of operation under test conditions (Fig 3 (b-e)), using 
gas oil as fuel. It will be noticed that little change in 
the transmission curves occurred between 20 and 45 
minutes of operation. All tests were, therefore, car- 
ried out within this period, i.e. two spectra were re- 
corded in between 20 and 45 minutes after a clean 
window had. been installed. The engine was then 
stopped, the window cleaned, and the test commenced 
again. The curve for 30 minutes was used for correc- 
tion. Naturally, if the test condition is changed or if 
a different fuel is used, a new transmission curve has 
to be found. 

It is interesting to note that from the transmission 
curves of the clean and deposited window, the infra- 
red absorption spectra of the deposit may be derived 
(Fig 3 (f)). This may be a useful method of studying 
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the nature of the deposit. For instance, in Fig 3 (f) 
the main hump with a double peak at 3-05 u (due to 

°C-H stretching) and 3-35 u (due to —CH, and —CH, 
stretching) suggested that the deposit still contained 
a large proportion of unsaturated carbon bonds due 
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width, the galvanometer readings have to be corrected 
for this difference in dispersion. 

As mentioned earlier, only the relative values of the 
intensity of radiation were recorded in this report. 
These values are comparable for each series of tests to 
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= 
| 
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SPECTRA AT SO P.S.1. B.M.E.P., L100 REV/MIN USING GAS OIL 


probably to cracking of the original fuel. Further in- 
formation may be obtained if the spectra is extended 
to the whole near infra-red range. 


(b) Correction for Dispersion of the Spectrometer 


This dispersion of a spectrometer, defined as the 
range of spectrum embraced by unit width of slit 
opening, varies with the wavelength and is a function 
of prism material and the geometry of the optical 
system. Fig 4 shows the dispersion of the spectro- 
meter. It is seen that the spectrum is crowded at the 
longer wavelengths (lower wave numbers), i.e. the 
resolution is worse at this part of the wavelength. 
Since the tests were carried out with constant slit 
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be described below, but they are not strictly compar- 
able between the various series. 


TEST RESULTS AND DISCUSSION—SERIES I 
(SPECTRA AT 80 p.s.i., b.m.e.p., 1000 rev min 
USING GAS OIL) 


General Description of the Spectra 


Fig 5 shows the spectra, at various crank-angles, of 
the flame when the engine is running at 80 p.s.i., 
b.m.e.p., and 1000 rev/min using gas oil as fuel. The 
most striking, and indeed unexpected, feature is the 
intense radiation from solid carbon particles which 
dominates the whole spectrum up to about 50° crank- 
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angle. As mentioned previously, although Beck* 
reported the masking of the normal hydrocarbon 
flame spectra by the continuous radiation of carbon 
particles in the visible range, it would not be expected 
that the same would be true in the infra-red region, 
where even a smoky diffusion flame shows up the 
characteristic H,O and CO, bands. Fig 6 shows an 
infra-red spectrum of a diffusion town gas flame with 
the slit sighted on the bright yellow part of the flame. 
The 1-9-1 band due to H,O and COg, the 2-7-4 band 
due to CO,, and the 2-9-u band due to H,0 are clearly 
visible, being superimposed on the general hump of 
continuous radiation due to solid carbon. Further 
along is the strong band at 4-5 u due to the asym- 
metrical vibration of CO, followed by a weak band 
from 6-5 u onwards due to H,O. It had been ex- 
pected that the spectra from the engine flame would 
follow a similar pattern, and study could be made of 
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C | 


4 
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wave 


Fie 6 
SPECTRUM OF TOWN GAS DIFFUSION FLAME 


the changes with intensity of radiation, particularly 
at 2-9 u and 4:5 u, to follow the water and carbon 
dioxide formation, but the intense continuous radia- 
tion due to solid carbon rather obscured the picture. 
Indeed, in the earlier part of the combustion, as shown 
in Fig 5, H,O and CO, appear rather as absorption, 
as shown respectively by the dips at 2-7 » and 4°3 u. 
It will be observed that due to pressure broadening, 
us well as by the use of the wide slit, the 2-7-u band 
due to CO, and 2-9-u bands due to H,O merge together 
and form a single band from about 2-4 to 3-4 u, peak- 
ing at about 2-9 u. This is clearly shown in Fig 5 (j) 
and (k). In the earlier part of the combustion process, 
however, due to the absorption at 2-7 u, the apparent 
peak is shifted towards the longer wavelength, i.e. at 
about 3-2 u. This is illustrated by the chain-dot line 
in Fig 5 (6). Similarly the 4-5-u peak is shifted to 
about 4-7 u, due to the reabsorption at 43 u. The 
1-9-u band is hardly noticeable. 


Estimation of Gas Temperature from Flame Spectra 
The strong radiation from the cloud of carbon par- 

ticles at once suggests that it may be conveniently 

used to estimate the temperature of the surrounding 


flame and gases. Two factors have to be considered 
before proceeding with the calculation from the radia- 
tion data. First, one must ask: Is the temperature 
of these carbon particles the same as that of the 
surrounding gases and flame? This depends on how 
quickly the solid particles attain thermal equilibrium 
with the flame gases and on the final temperature dif- 
ference after equilibrium is attained. Both these 
factors depend on the particle size. The size of carbon 
particles formed in flame, as reported in published 
literature, ranges from 100 to 2000 A. Electron 
microscopic examination of the soot from the engine 
exhaust shows they are mainly of the order of 500 A. 
With particle size of this order, Schack calculated 
that the difference in temperature between it and the 
surrounding medium is of the order of 1° C,?:»-14 
and, according to the estimation of Wentzel, the time 
required to reach this equilibrium should be negligible 
compared with the order of time taken by the com- 
bustion process in an engine.® P- 576 

From the above considerations, it may be assumed 
that the temperature of the carbon particles is the 
same as the temperature of the gases immediately 
surrounding them. However, due to the hetero- 
geneous characteristics of diesel engine combustion 
this temperature may not be taken as the temperature 
of the bulk of the gases in the chamber outside the 
flame region. Indeed, under these conditions, it is 
doubtful whether the temperature of the cylinder gas 
content has any meaning. It is only after combustion 
has been proceeding for some time that any sort of 
equilibrium in the cylinder could be obtained. 

The second factor to be considered is the emissivity 
of the carbon particles. If the radiating body is black 
or grey, 1.¢. if emissivity is constant, the temperature 
can be easily calculated from relative radiation at any 
two wavelengths, using Wien’s law. 

Thus : if: 


1, = intensity of radiation at wavelength % 
¢, = spectral emissivity of the radiating body at 
wavelength 2 
7’ = true absolute temperature of the radiating body 
C', = first radiation constant 
C, = second radiation constant 
e = base of natural logarithm 


Then : 


I, = Cyr «, (1) 
Ia 


For grey or black body, e,; = ej 


Ay 

It is seen from equation (3) that the temperature of 
the radiating body can be calculated from the ratio 
of intensity of radiation at any two wavelengths, and 
for this purpose the measurement of radiation needs 
only to be relative. 
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Equation (1) can be expressed also in its logarithmic 
form. 
Thus : 


log (1,25) = 75) +- const. (4) 

where the constant includes C,, emissivity, and a ratio 
to convert the relative value of radiation into units 
conforming to C,. A plot of log (1,45) against (1/2), 
the wave number, will therefore result in a straight 
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size is smaller than the wavelength, will result in the 
intensity of radiation varying proportionately with 
the inverse fourth power of wavelength. They stated 
th >fore that although solid particles in flame always 
exhibit a continuous spectra, similar to that from a 
black body, it is wrong to assume that the spectrum 
is identical to that of a black, or even grey, body at 
the flame temperature. 

Now equation (1) takes the following logarithmic 
form when ¢, is not a constant, but some function of >. 
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line, the slope of which will enable the temperature to 
be calculated. 

If, however, the emissivity changes with wave- 
length, then, as can be seen from equation (2), the ratio 
of these emissivity has to be known before the tem- 
perature can be evaluated. This is the principle of 
the two-colour method used by Hottel and Broughton? 
in measuring the temperature of the luminous furnace 
flames, and was subsequently used by Uyehara et al* 
in measuring temperature in diesel engine combustion. 

Gaydon and Wolfhard ® consider that the emissivity 
of solid particles in flame depends on two factors : (a) 
the emissivity of the material of the particles may 
vary with wavelength, although for carbon it approxi- 
mates to that of a black body; (b) even if the material 
itself is black, the scattering of light, if the particle 
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T hus ° 
lo (I 5) = — 


const. (5) 
A plot of log (1,5) against (1/2) can be a straight 
line only under the following conditions. 


(a) ¢, is a constant 


(5) log ¢, is proportional to -, log 
a ? 


or = Ce! (6) 
where A and C are constant. In the second case, the 
slope becomes A — (C,/7’) and cannot be used for 
calculating the temperature unless A is known. 


Now the emissivity of engine flame has never been 


iid 
7 


directly measured. All published data on the emissiv- 
ity of luminous flame were obtained with thin labora- 
tory flames under atmospheric pressure, or indirectly 
by measuring the transmission characteristics of a 
thin layer of soot. The most well-known work in this 
field is again by Hottel and Broughton.? They con- 
sidered that, since reflectivity of flame is negligible. 
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the emissivity must be equal to absorptivity. Now 
from Lambert’s absorption law, for flame of thickness 
L, the spectral absorptivity 


where = thickness of flame ; 
K, — spectral absorption coefficient. 


Hottel and Broughton found also that K, is inversely 
proportional to a constant power n of the wavelength. 
thus 


(8) 


Combining equations (7) and (8) and remembering that 
emissivity and absorptivity are equal, one has 


The value of K and n depends on the type of flame and 
size of the particle. 

It is clear that the above equation is different from 
equation (6) which is the condition of a straight line 
plot of log (1,25) against (1/4), although both functions 
decrease with the increase of 2. To what extent the 
straight line plot is approximated by equation (9) 
depends on the values of KL and n and cannot be 
generalized. 
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The results in Fig 5 are replotted in the form of log 
(1,5) against (1/2), as shown in Fig 7. As can be 
seen, in each case a straight line plot is obtained up 
to a wavelength of about 2-4 yu, i.e. a wave number of 
0:42 x 104 per em, beyond which the interference due 
to CO, and H,O becomes evident. Considering the 
flickering of the flame and the difficulty in obtaining 
steady readings, the straight line plot is good, and 
there is little scattering of experimental points except 
for the latter part of the combustion period when the 
radiation due to carbon becomes weaker. The absorp- 
tion due to CO, and H,0 is obvious from the beginning 
of combustion up to 35° A.T.D.C. From 41° A.T.D.C. 
onwards the emission of CO, and H,O becomes stronger 
than that from the solid carbon and the spectrum 
becomes more like that of a diffusion flame under 
atmospheric condition. 

The black body temperatures corresponding to those 
straight lines are indicated in the figure and it wiil be 
observed that they vary from 1600° to 1900° K. The 
corresponding black body radiation is plotted back on 
Fig 5 in dotted line for comparison with the flame 


9. 


PRESSURE 


Lo/motes 10° * 


60 psi 
TTT, @ 80 psi 


CYLINDER GAS CONTENT 


10 20 30 
CRANK ANGLE degrees 


Fic 9 


PRESSURE, TEMPERATURE, AND MOLAR VARIATION WITH 
CRANK-ANGLE AT 80 P.S.I. B.M.E.P. AND 100 REV/MIN 
USING GAS OIL 


spectra. These temperatures may be called the dis- 
tribution temperature because they are the black 
body temperatures which have the same distribution 
of spectral intensity of radiation as the flame between 
l and 2-4 
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It will now be seen how well Hottel and Broughton’s 
data for the changes in emissivity fit the experimental 


result. In Fig 8 the log (1,25) v. 


the conditions at 5° A.T.D.C. It is seen that the plot 
based on Hottel’s data is slightly but noticeably 
curved, which indicates that they are not strictly 
applicable to the diesel engine case. It is therefore 
more than likely that the emissivity is constant in the 


is plotted for 
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lamp) and to compare it with the calculated distribu- 
tion temperature. 


Analysis of Cycle from Measured Pressure and Tem- 
perature 


The cylinder pressure was measured with a BICERA 
disk-type indicator. The pressure diagram, together 
with the temperature calculated from the emission 
spectra, were plotted on Fig 9. From these data and 


0 ' 2 3 4 5 i) ! 2 3 4 


— MICRONS 
10 deg. ATDC 1S deg. ATDC 


| | | 
2 3 4 5 0 
WAVE LENCTH — MICRONS 
20 deg. ATOC 25 deg. ATDC 30 deg. ATDC 34 deg. ATOC 


Fie 10 


SPECTRA 


case of diesel flame and that the distribution tempera- 
ture calculated above is indeed the true temperature. 
Physically, it is quite feasible that the carbon particles 
around the jet cone are so dense that the radiation 
behaves as a surface. The only other possibility for 
a straight line plot is that the emissivity changes 
according to equation (6) and not equation (9). To 
settle this point unambiguously it is necessary to 
determine experimentally the emissivity at various 
wavelengths or else to measure the brightness tem- 
perature with a calibrated source (such as a tungsten 
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AT 60 P.S.1. B.M.E.P., L000 REV/MIN USING GAS OIL 


the known volume, the number of mol of the gaseous 
content can be calculated. It must be pointed out 
that such calculation gives a correct cylinder charge 
only when the latter attains a fairly uniform tempera- 
ture, and that when combustion is completed the 
‘ralculated charge must then reach a constant value. 
Fig 9 also shows the result of such a calculation. It 
is seen that the value of the mass of the charge does 
reach a constant level about 1-3 x 104 Ib mol per 
cycle, from about 40° onwards, indicating the com- 
pletion of combustion at that point. Before combus- 
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tion is completed, the flame temperature, being the 
local temperature of combustion, should in general be 
higher than the mean temperature of the cylinder 
charge and so the calculated mass would be lower than 
the correct value. However, it is noted in Fig 9 that 
in the neighbourhood of 20° A.T.D.C. the calculated 
charge is higher than the final value. This bump in 
the curve corresponds to the dip in the temperature 
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number of mol of the product, taking into account 
the fuel, would therefore be approximately 1-48 x 
104 Ib mol which is some 14 per cent higher than the 
calculated value. The reason for this is probably due 
to the fact that the measured flame temperature is 
higher than the mean temperature of the gases since 
the optical path only traversed part of the swirl 
chamber. There is, however, the possibility that the 
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curve, indicating that the recorded temperature is 
lower than the correct value. This is possibly due to 
the injection characteristics of this particular engine, 
which has a pintle nozzle. The needle lift diagram 
showed that the injection occurred in two stages with 
a partial closure in between. It is possible that at 
around 20° A.T.D.C. the lean part of the mixture came 
in line with the optical path, hence giving a lower 
temperature. This is supported by the study of mix- 
ture distribution in the same engine® in which it was 
shown that there is a drop of fuel concentration in the 
same region. The luminosity diagram also shows a 
similar dip. 

It is interesting to compare the calculated charge 
with the measured value. The volumetric efficiency, 
measured in a previous test, was about 85 per cent 
at this speed and load. Under such conditions the 
air input was 1-47 » 104 lb mol per cycle. The total 


measured air charge was higher than that trapped in 
the cylinder due to valve overlap, but the error due to 
this latter source should not be serious in a four-stroke 
engine. 


TEST RESULTS AND DISCUSSION—SERIES II 
(SPECTRA AT 60 p.s.i., b.m.e.p., 1000 rev/min 
USING GAS OIL) 


The object of this series of tests was to investigate 
the effect of reduced load on the condition of combus- 
tion. The spectra are shown in Fig 10, and the log 


(1,4) against * plot in Fig 11. 


It will be seen that these spectra are very similar 
to those for 80 p.s.i., b.m.e.p. presented in Figs 5 and 
7, particularly up to 20° A.T.D.C. With the lower 
load, however, the CO, and H,0 radiation rise above 
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the carbon radiation at 25° A.T.D.C. as compared with 
41° A.T.D.C. for the 80 p.s.i., b.m.e.p. In fact, there 
is close similarity between these two spectra, particu- 
larly when one compares the relative intensity of radia- 
tion at the 3 peaks at approximately 1-7, 3-1, and 4-7 u 
due respectively to carbon, CO, and H,O, and CO, 
emission. In a similar manner the spectrum at 30 
and 34° A.T.D.C. in the present series is comparable 
to that of 45° and 50° A.T.D.C. respectively in the 
previous series at higher load. Due to the low level 
of radiation, it was found difficult to record a spectrum 
beyond 34° A.T.D.C. 


INFRA-RED EMISSION SPECTROSCOPY 


at 80 p.s.i., b.m.e.p., and 1000 rev/min. Propane gas 
was introduced with the intake air to a mixture 
strength of about 45 per cent of stoichiometric ratio 
and the injected gas oil cut down to keep the load and 
speed constant. Fig 12 shows the spectra at various 
crank-angles and Fig 13 the corresponding log (1,25) 


l 
against plots. 
A 


Although there is a general similarity between these 
spectra and those shown in Figs 5 and 7 for normal 
diese] operation, there are three distinct differences 
which are worth noting. First, the general level of in- 
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The measured flame temperatures at various crank- 
angles are plotted in Fig 9 for comparison with those 
at 80 p.s.i., b.m.e.p. It will be noticed that the tem- 
peratures are of the same order in both cases, but that 
with the lower load the temperature drops earlier in 
the expansion stroke. 


TEST RESULTS AND DISCUSSION—SERIES III 
(SPECTRA AT 80 p.s.i., b.m.e.p., 1000 rev/min 
DUAL FUEL OPERATION WITH PROPANE 

ADDED TO INTAKE ATR) 
In this series of tests the effect of premixing part of 
the fuel charge in the form of gaseous fuel addition to 
the intake air was investigated. The engine was run 


tensity drops very much earlier in the expansion stroke 
than in the case of normal diesel operation. Secondly, 
there is a new absorption peak at around 3-5 » which 
is clearly visible up to 15° A.T.D.C. after which it 
seems to merge with the 4-3-4 CO, absorption. This 
undoubtedly is due to the hydrogen stretching of the 
groups —-CH,, >CH,, and >C—-H from the incom- 
pletely burnt propane. Thirdly, the CO, and H,O 
radiation rise above the carbon radiation from 31° 
A.T.D.C. onwards instead of 41° A.T.D.C., as in the 
case with normal diesel operation ; and at 42° A.T.D.C. 
the gaseous radiation becomes predominant, whereas 
with normal diesel operation this does not occur until 
50° A.T.D.C, 

The flame temperature is about the same order, 
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1750 to 1900° K during the period when carbon radia- 
tion predominates, but during the latter part of the 
cycle it appears to be some 200° C lower than the 
case of normal diesel operation. 


TEST RESULTS AND DISCUSSION—SERIES IV 
(SPECTRA AT 80 p.s.i., b.m.e.p., 1000 rev/min 
USING A BLEND OF DISTILLATE AND 
RESIDUAL FUEL) 


This series of tests was undertaken in view of the 
interest in the use of lower grade fuels in high-speed 
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engines. It was thought desirable to examine the 
spectra when the engine was running with such fuel 
and compare them with those for gas oil. The tests 
were difficult to conduct due to rapid carboning up of 
the window and consequently only five spectra were 
recorded. These are shown in Fig 14 and the corre- 


sponding log (1,2°) against 


15. It will be noticed that both the flame temperature 
and the spectra were similar to those when operating 
with gas oil. The only detectable difference is the 
persistence of the strong carbon radiation shielding 
the CO, and H,0 radiation even up to 41° A.T.DC. 


1 
- curves shown in Fig 
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It will be noticed that at this crank-angle, the spectra 
presented in all the previous series already show 
conspicuous CO, and H,O radiation above that 
of carbon radiation. The effect of introducing 
residual components into the fuel is, therefore. 
to prolong the period in which carbon radiation 
predominates. 


COMPARISON WITH SPECTRA OF 
LABORATORY FLAMES 


As mentioned earlier, the engine flame spectra are 
quite different from the diffusion flame of town gas. 
The carbon formation appears to be of a very much 
higher level than in the later flame. It was thought 
that town gas, which contains mainly carbon monoxide 
and hydrogen, would not be conducive to carbon for- 
mation, and a hydrocarbon diffusion flame would 
therefore be more comparable. A spectrum of a paraf- 
fin wick flame was taken, with the spectrometer slit 
again focused on the luminous part of the flame. Fig 
16 shows the spectrum and it will be noticed that 
carbon formation was no more severe than in the case 
of town gas. Eventually, a spectrum of a diffusion 
flame of acetylene was taken. This is shown in Fig 
17 (a). The similarity of this spectrum with those 
from the engine is at once noticeable. 

Under this condition, however, a shower of flaky 
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carbon was erupting from the flame. If a small 
amount of oxygen was introduced to suppress this 
excessive carbon formation, the spectrum at once 
changed its character, as is shown in Fig 17 ((), in 
which the CO, emission becomes outstanding. Further 
addition of oxygen suppresses carbon radiation and 
increases CO, emission (Fig 17 (c)) until, with a neutral 
flame, a spectrum similar to coal gas diffusion flame is 
obtained (Fig 17 (d)). 

The above comparison shows the extent of carbon 
formation in diesel engine combustion and evokes in- 
teresting speculation into the mechanism of the com- 
bustion process which is discussed further. However, 
it should be pointed out, first, that the “ carbon ” 
which is being discussed here refers to the solid phase 
of the intermediate products of combustion, which is 
responsible for the major radiation, and not the final 
deposit, which may be the residue of these inter- 
mediates. Secondly, the word * carbon’ does not 
mean elementary carbon, as it has not been possible 
to analyse the chemical composition of these inter- 
mediates. However, it has been found that the car- 


bon content of the final carbonaceous deposit is of 


the order of 60-80 per cent only and the deposit con- 
tains considerable amounts of hydrogen and oxygen. 
It is therefore unlikely that the intermediates, from 
which the deposit originates, would contain more car- 


'-bon, since the carbon content generally increases with 


time as heating proceeds. 


COMPARISON WITH SPECTRA FROM A 
SPARK-IGNITION ENGINE 

The experiments with gaseous fuel additions to the 
intake air showed that the carbon radiation is greatly 
suppressed under those conditions and that after the 
carbon radiation has subsided, carbon dioxide and 
water vapour become the main source of radiation. 
This is in agreement with the experiments of Steele, 
Wharton, and Roeder” on infra-red radiation from 
spark-ignition engines. They studied the spectral dis- 
tribution during the combustion period by a series of 
filters which isolated the various spectral range with- 
out the use of a spectrometer. By indirect analysis, 
they came to the conclusion that : ** Infra-red radia- 
tion from engine explosion appears very largely in 
spectral regions characteristic of radiation from water 
vapour and carbon dioxide. No appreciable energy, 
relative to the total amount measured, is radiated by 
incandescent carbon particles even with excessively 
rich mixtures giving bright yellow-red flames.”” It is 
interesting to note that at that time the authors con- 
sidered that “ although an emission spectrum deter- 
mined by using a prism would be very valuable, the 
difficulties involved in the instrumentation might well 
be insurmountable.” 

At this stage of the investigation reported here, the 
laboratory obtained a lead telluride cell from the 
Telecommunication Research Establishment, Ministry 
of Supply. The sensitivity of the cell, when operated 
under liquid oxygen temperature, covered the trans- 


mission limit of the sapphire window. It was, there- 
fore, thought desirable to obtain a spectrum, using 
this cell, from a spark ignition engine to verify the 
results of Steele and his colleagues. 

The engine used for this test was a single-cylinder 
variable compression engine with compression ratio 
fixed at approximately 6: 1 and running at 70 p.s.i., 
b.m.e.p., and 1300 rev, min. 

Fig 18 shows the arrangement of the engine, the 
optical system, and the spectrometer. It will be 
noticed that the strobometer was not required in this 
case. The cyclic change of the intensity of radiation 
for each wavelength was recorded from the C.R.O. by 
photography and the spectra synthesized from these 
data. 

Fig 19 shows the spectra from 0° to 90° A.T.D.C. at 
10° intervals. Although uncorrected for prism dis- 
persion and window transmission, they are accurate 
enough for qualitative comparison. It will be noticed 
that the relative spectral distributions are very similar 
during the combustion period, and the changes are 
confined to the absolute magnitude of the intensity of 
radiation. The most striking difference from the 
spectra of a diesel engine is the absence of radiation 
from carbon particles which dominates all diesel 
engine spectra. This is a dire nfirmation of 
Steele’s finding. The ratio of the “yp to 46-y in- 
tensity remains practically constant at around 1-65, 
varying from 1-55 to 1-75 during the whole combus- 
tion period. Taking into consideration the transmis- 
sion of combustion chamber window and prism disper- 
sion, this ratio becomes 1-07, which agrees approxi- 
mately with the figures from diesel engine spectra 
after the carbon radiation has subsided. These figures 
are surprisingly high compared with the spectra from 
laboratory hydrocarbon flames, whether diffusion or 
premixed, in which the 2-8- is generally only a frac- 
tion of that of the 4-5-u band. 

David," in his experiments on explosion of coal 
gas and air mixtures using filter techniques, found that 
the ratio of radiation through quartz window (2-8 u) 
to that through fluorite window (2-8 and 4:5 u) de- 
creases with temperature. At 1200°C it was about 
a third, while at 1000° C it was practically zero. The 
present tests show little change in the ratio for the 
whole temperature range investigated. It is possible 
that the very much higher pressure reached in the 
engine will account for this difference. 


GENERAL DISCUSSION 

It should be borne in mind that, at this stage of the 
investigation, the results presented are mainly qualita- 
tive in nature and are, therefore, not amenable to 
quantitative analysis. However, the investigation 
reveals some information which has some significance 
on the mechanism of combustion in a compression- 
ignition engine. 

The most interesting aspect of the finding is the com- 
parison of the engine spectra with those from labora- 
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tory flames and from the spark-ignition engine. 
Although research into the ignition phase has now 
clearly shown that ignition occurs in regions in which 
fuel vapour is premixed with air to an inflammable 
ratio and sustained for a sufficiently long time for pre- 
fame reaction to take place, there appears to be some 
uncertainty as regards to what extent the premixing 
process plays a part in the subsequent combustion. 
The present spectroscopic data indicates that during 
the main combustion period the fuel burns essentially 
as a diffusion flame. This is evidenced by the strong 
carbon continuum in the diesel engine spectra which 
is hardly noticeable in petrol engine spectra and spec- 
tra of premixed laboratory flames. Another evidence 
is that the spectrum is not changed by the load con- 
dition, ‘.e. the overall fuel ratio. The combustion 
of the part of the fuel which goes into the cylinder first 
appears to be unaffected by what goes in afterwards- 
a condition which is only possible if there is little 
premixing with air. 

It is difficult to assess quantitatively the amount of 
carbon formed in an engine during the combustion 
process, but the extent of carbon formation is com- 
parable to that of a diffusion flame of acetylene. In- 
deed, the similarity of the two spectra is most remark- 
able. Although most industrial flames are diffusive in 
character, and although it has long been known that 
carbon formation plays an important role in diffusion 
flame, very little effort, until recent years, has been 
devoted to the study of its mechanism. The spectro- 
scopic study of Wolfhard and Parker!* on the flat 
diffusion flame of ethylene established that as fuel 
approaches the oxygen side, pyrolysis occurs before 
the formation of solid carbon. These processes take 


place in the absence of oxygen, although traces of 


hydroxy] radical do reach the carbon zone. The main 
combustion zone is shown to consist of the oxidation 
of the vaporized carbon (C,) and CH and H radicals 
instead of the original fuel. Now it is known that 
the pyrolysis of the acetylene occurs more readily and 
at a much lower temperature than that of ethylene. 
It is, therefore, more than likely that in the diffusion 
flame of acetylene similar processes occur. This is 
supported by the infra-red spectrum, which shows 
strong carbon radiation, indicating that solid carbon 
is being formed before combustion takes place. 

It may be enquired why it is that the diffusion 
flame of other hydrocarbons, e.g. the wick flame of 
kerosine, although luminous, did not show the same 
extent of carbon formation. The answer to this is, 
surely, that the breakdown of saturated paraffins takes 
longer time than that of the lower unsaturated mem. 
bers, and the final formation of solid carbon is to a 
great extent suppressed by the presence of oxygen 
diffused from the base of the flame. 

In the engine, however, the effect of pressure plays 
an important part. Schalla and McDonald! found 
that tendencies to smoke of six different hydrocarbons 
increase proportionately to pressure; while Wolfhard 
and Parker 4 found that there is a lower pressure limit 


below which all carbon formation would be suppressed, 
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even with acetylene. The higher pressure occurring 
in an engine, therefore, greatly facilitates and acceler- 
ates the pyrolysis to such an extent that carbon 
formation takes place before the fuel has an oppor- 
tunity to mix intimately with air. The similarity 
between the engine spectra and that of the acetylene 
diffusion flame is evidence that the degree of carbon 
formation must be comparable in the two cases. 
Another evidence that little vaporized original fuel 
could escape carbonization before it is burnt is the 
absence of the 3-5 « hydrogen stretching band charac- 
teristics of most aliphatic hydrocarbons. This band 
appears clearly as absorption (see Fig 12) when the 
hydrocarbon is added with the intake air. It is in- 
teresting to note that the radiation from carbon par- 
ticles is predominant right from the beginning of the 
appearance of flame. This indicates that a certain 
amount of pyrolysis must have already taken place 
during the delay period. This is not at all improbable. 
since, even at atmospheric pressure, pyrolysis could 
begin at around 600° C (Wolfhard and Parker ™), and 
Tropsch and Egloff !® have shown that such reaction 
could occur, under certain conditions, in an extremely 
short time of around | millisecond. 

It should be pointed out that the actual mechanism 
of pyrolysis, from the original fuel to carbon particles 
in the absence of air, is still not clear, although several 
theories have been proposed. Street and Thomas 
have shown that carbon formation in gas phase may 
proceed via dehydrogenation followed by polymeriza- 
tion or vice versa or any intermediate stages, depend- 
ing on the conditions. The pyrolysis of fuel in liquid 
phase is still less understood. In the present case, 
the presence of a small quantity of estranged oxygen 
in the middle of the fuel spray and the effect of high 
pressure all add complication to the process. The fact 
that a fairly large amount of hydrogen (up to 6 per 
cent) and oxygen (up to 25 per cent) were found in the 
engine deposits indicates that pyrolysis, partial oxida- 
tion, and polymerization must have taken place simul- 
taneously to form solid intermediates. If mixing is 
good, these solid particles would eventually burn out. 
whereas if conditions are unfavourable they will de- 
posit on the engine surfaces or appear in the exhaust 
as soot. 

The structure and reactivity of these solid inter- 
mediates must depend on the type of the original 
fuel. It is probable that those formed from distillate 
fuels are highly reactive, and there is little difficulty 
in burning them to completion provided the mixing 
with air is good. With residual fuel the reactivity 
would probably be low, hence leading to heavy 
deposits. 

The present investigation, therefore, emphasizes 
that pyrolysis under high pressure leading to carbon 
formation is the crux of the combustion problem in 


diesel engines, at least from the chemical point of 


view. Future work on laboratory diffusion flame 

should help to clarify many detail processes in the 

engine, but it should be carried out under high pres- 

sure, as it appears that the effect of pressure is very 
E 


4 


Pretty 


42 LYN: DIESEL COMBUSTION STUDY BY 


much more important with a diffusion flame than with 
a premixed one. 
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DISCUSSION 


Professor F. Morton: [t would appear from this paper, 
and also from our own earlier work on the pre-flame 
reactions, that the end of the delay period is marked by 
a very sudden jump in engine temperature from the 
adiabatic compression temperature to the flame temper- 
ature of some 1600° K. It is safe to assume, both from 
Dr Lyn’s work and from our own work on luminescence, 
that the great proportion of what might be called full 
combustion is completed somewhere about 40°—45° after 
T.D.C. Thereafter the intensity of the light emitted 
begins to fall and, during the period of after-burning, 
remains at a low level. 

In considering this whole picture, the author might be 
asked if he would give us just a little more information 
on the actual test conditions, the type of fuel used, the 
injection timing, and the actual delay period. It is not 
entirely clear from Fig 9, but it would appear that the 
delay period ends in this case at somewhere about —3 
crank-angle. Presumably the pressure curve in Fig 9 is 
somewhat smoothed, for it might then have been possible 
to make some attempt to calculate the temperature in 
the system from the p—v-t relationships. The deviation 
of the pressure from cycle to cycle at any given position 
in crank-angle is usually such as to prevent the cale ula- 
tion of temperature by these methods. 

It is of some interest to consider this abrupt scitinasite 
to luminescence, as shown by the temperature profiles in 
the paper, if one assumes that, in Fig 9, the first temper- 
ature given, 1500°-1600° K, follows immediately on an 
adiabatic compression temperature of something like 
850° K. The calculated adiabatic compression temper- 
ature at the end of the induction period at various com- 
pression ratios varies from about 750° to about 1000° K. 
Attempts to calculate the temperature during the delay 
period from the recorded pressure changes, which were 
made some years ago at Birmingham by Dr W. Reid, 
suggested temperatures of the order of 750°-800° K at 
compression ratios of 10 or 12:1, which agree closely 
with the calculated adiabatic compression temperatures. 
It would appear therefore that in the pre-flame period 
any heat which may be given out by incipient oxidation 
of the fuel is in fact used up in the pre-flame cracking 
reaction, or pyrolysis reaction, does not appear to give 
a temperature rise, and certainly does not affect the 
pressure rise in the normal diesel cycle. 


Has the author, then, any information which either 
contradicts or supports this view of what the temperature 
in the engine is likely to be just before the point at which 
full ignition takes place? Also, how does he obtain the 
temperatures of 1500°-1600° K ? 

Again, going back to Fig 9, it would be fair to assume 
that the temperature which Dr Lyn is measuring is in 
fact reasonably constant during the flame period; the 
slight dip which he records half-way along the curve he 
explains as being possibly due to fuel, fresh fuel or cold 
fuel, or some interference with the spectra, and it is a 
reasonable assumption that the actual burning in this 
particular portion of the reaction is uniform in that sense 
and that the actual flame temperature is reasonably 
constant. It can be assumed that the variation in fuel 
composition would have very little effect on this par- 
ticular temperature, and here again one might ask the 
author if he has used different fuels in his work. It 
would appear, however, both from our own work and 
from that of others, that variations in fuel composition, 
whilst affecting the pre-flame period and the delay 
period, do not appear to have a great deal of effect on 
the temperature at which full combustion takes place, or, 
in fact, on the nature of that full combustion. 

This is an interesting proposition, because it suggests 
that in the engine the fuel is injected into air at temper- 
atures of the order of 750° K and that, after a given 
ignition delay, it bursts into flame, which is characterized 
by the presence of incandescent carbon particles. This 
goes back a good way to the old bomb test of Riemann 
and Michaeloff and perhaps indicates why the relation- 
ships of cetane numbers determined by the bomb method, 
in which hydrocarbons were injected into bombs at 
temperatures of about 500°C (850° K) and 21 atm, 
correlated so well with the engine tests of Petroff and 
his colleagues on pure hydrocarbons. Both bomb and 
engine tests placed the hydrocarbons very much in the 
same order that one would have placed the crackability, 
i.e. normal paraffins first, then naphthenes, iso-paraftins, 
olefins, aromatic hydrocarbons, single rings, and, finally, 
condensed molecules. The suggestion that arises from 
these considerations obviously is that in the pre-flame 
period one is concerned essentially with a pyrolysis of the 
hydrocarbons, which at the end ‘of the pre-flame period 
gives rise to a concentration of pyrolysed fragments which 
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are capable of bursting spontaneously into flame, giving 
the immediate rise in temperature and the immediate 
full luminosity that has been observed by Dr Lyn and 
ourselves. 

One cannot help thinking that the author was not quite 
so surprised as he himself suggests to find this very high 
concentration of carbon continuum in the spectra, 
because one suspects that for many years he has thought, 
as we have, that cracking preceded combustion in the 
diesel engine itself. 


Dr W. T. Lyn: ‘The fuel used in the first three series 
was gas oil and presumably conformed to B.S. 209A. 
Beyond this there is no other data. In the final series a 
fuel of a residual blend was used and would conform to 
B.S. 209B. The injection timing was 10° B.T.D.C. in 
each case and the delay period was therefore about 7 
crank-angle. 

Professor Morton mentioned the sudden temperature 
rise from the compression temperature of about 850° K 
to the recorded temperature of about 1500°-1600° K. 
One has to be very careful when talking about temper- 
ature during combustion in a diesel engine, because of its 
immense gradient in the chamber. When one speaks of 
the temperature of a system, the latter must be in 
equilibrium or else it has litthe meaning. Of course, a 
temperature can be defined from the measured cylinder 
pressure, volume, and the mass of the charge, and it may 
be called the equilibrium temperature. The temperature 
reported in the paper is, however, nearer the local flame 
temperature and, as discussed in the text, this temper- 
ature is generally higher than the equilibrium temper- 
ature and approaches the latter only when the main 
combustion is completed. It is also for this reason that 
the measured temperature remains nearly constant 
during the combustion period. 

It is agreed that variation in fuel composition, whilst 
affecting the pre-flame or delay period, does not appear to 
have a great deal of effect on the nature of the main 
combustion. 

| am in entire agreement with Professor Morton that 
whatever heat is released during the pre-flame oxidation 
does not increase the pressure or temperature of the 
cylinder content. In fact, accurate pressure measure- 
ments will show that there is always a loss of heat from 
the cylinder gases after fuel is injected. In many cases 
this loss is more than can be accounted for by the 
evaporation of fuel alone, and it is more than likely that 
part of it is used in the cracking reaction as Professor 
Morton suggested. 

It gives me pleasure that Professor Morton agrees in 
general that cracking precedes combustion in the diese] 
engine, and it is hoped that his new team at Manchester 
will pursue this line of thought and in due course present 
us with even more direct and quantitative evidence. 


Dr W. C. Price: I think that the infra-red emission 
depends on how the carbon dioxide and water vapour 
is formed by recombination of the various atoms or 
radicals. In the first place, the molecules might be 
formed at distances between the atoms which are far 
greater than the normal distances between oxygen and 
hydrogen in water or carbon and oxygen in carbon 
dioxide. This fact causes the molecules to vibrate, and 
the changes of this vibrational energy cause the emission 
of infra-red bands. In fact, much of this infra-red 
radiation does depend on how the water and carbon 
dioxide molecules are formed in the combustion process. 


* Gaydon, A.G. “ Spectroscopy and Combustion Theory ”’, p. 111. 
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In that connexion, | would like the author to say a word 
about the differences in the strength of the emission bands 
of water and carbon dioxide in the petrol engine at 
various phases in the cycle, as compared with their 
relative intensities in the flames at ordinary pressures. 

We have been working on infra-red emission spectra 
from high-frequency discharges and find that the inten- 
sity of emission does increase linearly with pressure. 
In this case, however, it is thought that the effect is 
possibly one of the selective deactivation of the vibrating 
carbon dioxide molecules by other molecules with which 
they come into contact without giving out radiation. 
This process is easier for carbon dioxide than water, 
which, because of the lightness of the hydrogen atom, 
cannot readily transfer its kinetic energy in a collision. 
So it may be that at the higher pressures the water gives 
stronger emission than the carbon dioxide because it 
cannot lose its energy so readily in collisions. 

Another point I wish to raise concerns the emissivity of 
these carbon particles. This would depend, of course, 
on the particle size. Does the author have any idea of 
the particle size in comparison with the wavelength of 
the radiation being emitted ? 


Dr W. T. Lyn: As was mentioned in the text, the ratio 
of the 2-9 u water band to the 4-6 u carbon dioxide band 
remains constant at about 1-07 during the cycle in the 
petrol engine. This is much higher than the atmospheric 
flame, which is of the order of 0-1. There is no direct 
comparison of the strength of engine flame to atmospheric 
flame, but one would expect, as was found by Dr Price, 
that intensity would increase with pressure. 

I am grateful for Dr Price’s explanation of the high 
intensity of the 2-9 u band in the engine. [ also thought 
it was a pressure effect, but could not find from the 
literature that the relaxation time of water molecules is 
shorter than that of carbon dioxide. Gaydon, however. 
did point out that the relaxation time of carbon dioxide 
is drastically reduced (by about 1000 times) in the 
presence of small quantities of moisture.* 

It is rather difficult to describe the size of the carbon 
particles, for if one looks at these deposits under an 
electron microscope, each individual sphere would be of 
the order of 500 A. However, they are coagulated in all 
sorts of configurations, so the aggregated size is difficult 
to describe. For particles of this size one would expect. 
according to Mei’s theory, that the emissivity would be 
proportional to the fourth power of wave number; but I 
picture that the density of these particles is so high that 
collectively they radiate as a surface, hence giving a 
constant emissivity, as was measured in the experiment. 


C. L. Bailey: ‘The information provided in Series | and 
111 of Dr Lyn’s test programme using gas oil and gas 
oil with aspirated propane is interesting in that it sup- 
ports the now generally accepted fact that aspiration of 
volatile materials has a profound effect upon the diesel 
combustion process. Most important at the present 
moment is the reduction in exhaust smoke which can be 
effected in this way. 

The rapid drop in peak intensity between 15° and 20 
A.T.D.C. when using aspirated propane is clearly of 
significance in this respect. It would be of interest to 
know whether Dr Lyn can provide information on the 
rate of increase of intensity early in the combustion 
process. Fig 9 suggests that combustion starts at 3 
B.T.D.C. Is it possible for a comparison to be made of 
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the rate of increase of IITeHSITY under conditions obtaim 
ing in Series | and LIL? In connexion with the effect 
of aspirated fuel, one is forced to consider the uncon 
ventional approach of Dr Meurer of the German MAN Co. 
As is now well known, Dr Meurer deliberately impinges 
the greater part of the fuel supply on to the combustion 
chamber walls and claims that, by so doing, combustion 
takes place from the vapour phase. One result of this 
is the reduction of noise, particularly under idling 
conditions, and in this respect the effects of the Meurer 
system and the aspirated fuel system are the same. 
However, there is no indication that the Meurer system ts 
able to increase smoke-limited power, whereas the aspira 
tion of volatile fuels increases smoke-limited power 
considerably. It is in respect of the differences between 
these two combustion systems that Tam particularly 
interested in the interpretation of the spectroscopic 
results and would weleome Dr Lyn’s comments on the 
effect. of the relationship between the exhaust smoke 
problem and the early reduction in the intensity of the 
main radiation source as indicated by his experiments. 

In conclusion | believe that Dr Lyn’s tests were made 
using & pre-combustion chamber diesel engine. Could he 
please confirm that this is so? 


Dr W. T. Lyn: As was mentioned in the text, the 
engine used had a Ricardo Mark Il Comet chamber. 

The rapid drop in peak intensity between 15° and 20 
A.T.D.C, is to be expected since the strong carbon radia- 
tion originates from the injected liquid fuel, the quantity 
of which is reduced, due to propane additions. That 
this reduction results in a reduction in exhaust smoke is 
now well known. The aspirated fuel, being below the 
inflammability limit (otherwise auto-ignition would 
occur), can only undergo slow oxidation by itself or be 
consumed at the flame front of the injected fuel. Its 
contribution to radiation is therefore negligible compared 
with that due to the luminous combustion of the injected 
fuel. One can therefore expect that during the early 
part of combustion the intensity of radiation is com- 
parable in Series [and ILL. 

The fact that both the Meurer system and the aspirated 
fuel system produce a quiet-running engine does not 
necessarily mean that their combustion mechanism is the 
same. Indeed, the fact that the smoke-free limit is not 
increased in the Meurer system, but considerably so in 
the aspirated fuel system, rather indicates that the 
mechanism is different. Some spectra from a Meurer 
system engine have been recently taken, and they show 
essentially the same character as those from a con- 
ventional diesel engine. 

It is therefore believed that, at least from the point of 
view of the chemistry of combustion, the Meurer engine 
is essentially the same as any other diesel engine. How- 
ever, by impinging the spray on the wall, the amount of 
prepared charge during the delay period is reduced, thus 
resulting in a lower rate of pressure rise and consequently 
smoother running. The effect is thus a purely physical 
one. In the aspirated fuel system the smoothing of the 
pressure diagram is due essentially to the slow oxidation 
of the aspirated fuel, and hence the effect is a chemical 
one. 


Lt-Cdr E. H. Otten: | should like to add something 
about the carbon formation, and that is the life histor: 
of the carbon, i.e. the length of time during which it is 
actually observed in the combustion chamber. 

Would it be true to say that when the carbon radiation 


Chapman and Hall, 1955. 


dies down, carbon particles or particles which give rise to 
this type of radiation are no longer present, and therefore 
one Can expect a smoke-free exhaust ? 

Was there any chance of detecting intermediate com- 
bustion produets such as peroxides, aldehydes, and the 
like by this method? 


Dr W. T. Lyn: | do not think the disappearance of 
radiation necessarily means that the carbon is burnt out. 
It may well be that the temperature is so low that the 
radiation becomes too low to be detected. What is left 
unburnt will be exhausted as soot. 

With the method described here, it is not thought that 
one can detect any other gaseous intermediates because 
the radiation would be so weak and completely masked 
by the strong carbon radiation. 


J. B. Saunby: Our work at Birmimgyham on the 
mechanism of combustion in diesel engines has been 
mainly concerned with the reactions occurring during the 
pre-flame period, and we were disappointed that Dr Lyn 
had not investigated infra-red emission in this region. 
Using an engine fitted with a Comet Mark II cylinder 
head and a gas-oil fuel, we have obtained pre-flames of 
intensity equal to that of the main flame. This being so, 
it should be possible to obtain emission spectra in this 
region, and these would undoubtedly give more insight 
into the mechanism of combustion. ‘These pre-flames 
are shown in Fig A, in which the upper trace is the degree 
scale and the lower trace the flame intensity curve, the 
lowest point corresponding to maximum intensity. It 
can be seen that at an injection timing of 10° B.T.D.C. no 
pre-flame is present, but as the injection timing is 
retarded pre-flames of high intensity do occur. It is 
possible that carbon formation on the viewing window 
prevented Dr Lyn from observing these pre-flames. 

Examination of Figs 5 and 7 shows that the only part 
of the spectrum used in calculating temperatures, ¢.c. that 
part which gives a straight line in Fig 7, is that up to 2 u. 
In this region, although there may be considerable 
emission from carbon particles, there is also a complex 
band of H,O and CO, emission. This consists of at least 
seven CO, and two H,O bands, all of which have been 
identified in engine spectra. In some recent work on 
temperatures in engines, Agnew et al* showed that 
although the temperature calculated from H,O or CO, 
bands is consistent, this is not the case when temperatures 
are calculated from H,O and CO, bands combined. 


This may be due either to a difference in the nature of 


the radiation from H,O and CO,, H,O being thermal and 
CO, non-thermal, or to a change in the relative concentra- 
tions of H,O and CO,. A change in the relative con- 
centrations of H,O and CO, is obviously going to occur 
as combustion proceeds, and this will necessarily alter the 
relative emissivities of bands from these constituents. 
It is possible, then, that the variations in temperature 
shown in Fig 9 are caused by a change in the relative 
concentrations of H,O and CO,, the emission from the 
carbon particles being at a constant level. 


Dr W. T. Lyn: The infra-red radiation during the pre- 
flame period is too weak to be recorded either by the 
Schwartz thermopile or the lead telluride cell. The 
radiation can only be recorded during this period by the 
use of an electron multiplier and in the visible range, as 
was done by Mr Saunby. However, I cannot agree that 
the intensity could be equal to that of the main flame in 
any ais of the anton by reason of the characteristics 
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of the two-stage ignition. The oseillograms shown 
suggest that during the main combustion period the 
amplifier had been overloaded, thus showing a flat top 
(or bottom) characteristic, whereas in fact the true 
amplitude would be many times higher. Of course, 
there was some deposit on the combustion chamber 
window, as was explained in the text, but the same 
window had been used during and after the delay period, 
indicating that the pre-flame radiation was too weak to be 
recorded. 

It is fully realized that there exist many other CO, and 
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numbers there is no corresponding band of either CO, 
or H,O, so it cannot be said that the emission of carbon 
particles is at constant level, or that the temperature 
variation as recorded in Fig 9 is due to variation of 
relative concentration of H,O and CO,. 


Dr D. H. Napier: | wish to refer to what are considered 
to be three allusions in the paper to the mechanism of 
carbon formation. 

In the closing paragraph there is a statement that 
pyrolysis is the main feature of the carbon-forming pro- 
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H,O bands between | and 2 u; but these are weak bands 
even in a premixed flame and just would not show up in 
the diesel flame dominated by the carbon radiation. It is 
entirely irrelevant to compare the present results with 
the work of Agnew et al, since their work was carried out 
in a petrol engine which has a premixed flame. Even 
then it was shown that the order of radiation of those 
weaker bands is only of about one-twentieth of that of 
the 2-7-3 u regions. 

The temperature in the present investigation was 
determined by the straight line plot of about 15 wave 
numbers between 0-42 and 1-0 « in the log 1,2° 
V.S. wave number diagram. In many of these wave 
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cesses. This could oceur in the pre-flame period and 
need not refer to pyrolysis as a flame reaction. 

Secondly, use is made of the term “ intermediates ”’, 
which is assumed to mean intermediates in the process of 
carbon formation or of carbonaceous material. These 
materials, it appears, contain about 10 per cent of oxygen. 
This result agrees quite well with those that have been 
obtained * for materials collected from diffusion flames of 
simple hydrocarbons. How and when does the author 
consider that this oxygen encounters the carbon, and 
how is it held? Has he examined these intermediates by 
either physical or chemical means? 

The third allusion to carbon 


formation involves 
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acetylene. The striking similarity between the spectra 
obtained from acetylene diffusion flames and those 
obtained from combustion in engines has been em 
phasized. What role does the author consider is played 
by acetylene in carbon formation? 

Three mechanisms are thus suggested, namely by 
pyrolysis, by a process involving oxygen intervention, 
and from acetylene. Is it the author’s view that the 
three are compatible and that pyrolysis occurs to an 
important degree in the flame as well as before it?) Such 
a view is one to which [ would lend more support than 
that put forward by several authors, in which oxygenated 
intermediates have no place. 


Dr W. T. Lyn: The present investigation is not really 
intended to clarify the processes of carbon formation. 
They need further study. I have an open mind about 
the mechanism of carbon formation, as I believe it 
depends a lot on the conditions, both physical and 
chemical, in which these processes occur, Until this is 
clear, there must be a certain amount of conflicting 
evidence from various authors. In many industrial 
flames, and particularly in diesel flames in which the 
conditions are so varied, I agree with Dr Napier that all 
the three processes he mentioned are entirely com- 
patible and that pyrolysis occurs in and before the flame. 

The term “ intermediates ’’ has been used rather loosely 
as the intermediates between the original fuel and the 
final products of H,O and CO,. The solid intermediates 
have not been examined in situ during their life span, 
but those that escaped complete combustion and were 
deposited on various parts of the engine and in the 
exhaust have been examined by microchemical, electron 
microscopy, and X-ray diffraction techniques. These 
have been discussed in some detail in a paper presented 
elsewhere.* 


B. E. Knight (for Dr A. E. W. Austen): Dr Austen has 
asked me to put a question about the formation of the 
diffusion flame fronts. He suggests three possibilities. 
One, that the diffusion flame fronts are relatively tight 
spheres around the individual droplets, i.e. the fuel 
vaporizes and the flame is fairly close around the fuel 
droplet. ‘The second possibility is that the fuel vaporizes 
and is left behind in the wake, the flame front being 
imagined as a cylinder round the wake. The third 
possibility is that the droplets evaporated fully well before 
the flame front is established, and that therefore the flame 
fronts enclose quite large regions of rich mixture. The 
question Dr Austen wants to ask is: do you think the 
infra-red technique could distinguish between these three 
possible physical mechanisms by which the flame front 
is formed? 


Dr W. T. Lyn: | think the simple answer to that 
question is no. The significance of the present investiga- 
tion is more on the chemistry than the physics of com- 
bustion. It has, however, some bearing on the physics 
of combustion, because if it is assumed that solid inter- 
mediate is formed, then the subsequent heat and mass 
transfer processes between these particles and air would 
be quite different from the processes if they were liquid 
droplets. 


B. E. Knight: [| think the point of the question really 


is that before one can talk too closely about the chemistry, 


one needs to know a great deal more about the physical 
mechanisms. 


Dr W. T. Lyn: | do not agree with this order of 
precedence. L think they are both part of the whole. 
They are so interrelated that it would be best to attack 
them together. 


B. E. Knight: Speaking from a personal point of view, 
| think the way to look at it is rather that the experi. 
ments which are going to distinguish the physical 
mechanisms are difticult to devise. I cannot conceive 
of any very good ones, and it might be possible to get at 
the same answer by experiments which use some form of 
chemical indicator mechanism. 


Dr E. B. Evans: Dr Lyn discusses the question of 
carbon formation, and in particular the differences 
between the radiation from diesel engine flames and that 
from diffusion flames. He is inclined, I think, to 
attribute much of the difference to the effect of pressure. 
I would agree that the pressure effect is probably im- 
portant, but it is not the only one and, as a fuel tech. 
nologist, I am interested in the effects of the physical and 
chemical properties of the fuel. The acetylene and kero- 
sine diffusion flames are quite different. Suppose, how- 
ever, one runs a kerosine in a diesel engine or uses a diesel 
fuel cut to, say, a 300° C end point. What effect would 
such changes in boiling-range have on carbon formation ’ 
Alternatively, if kerosine or diesel fuel is burned in a 
simple scent-spray type of burner, a comparison of the 
spectra with those from ordinary diffusion flames might 
be interesting. Dr Lyn has developed an extremely) 
interesting technique, and it is to be hoped that he will 
continue work on these lines. A few comparative 
experiments of the type suggested might do much to 
clarify our ideas on the effects of pressure and chemical 
composition and physical form of fuels on their combus 
tion behaviour. 


Dr W. T. Lyn: I agree entirely that the work should be 
extended to atmospheric flames, using various fuel types. 
I have often wondered what kind of spectra one would 
get from a furnace and in a jet engine combustor. | 
still think that in diesel engines the pressure effect will 
be the major factor, but do not consider that in a diesel 
engine one can expect a vast difference in the spectra 
when changing from gas oil to kerosine. However, it 
would be interesting to examine the spectra if the 
boiling point is drastically reduced ; for instance, when 
one uses pure hydrocarbon, such as normal heptane. 


Adm. D. J. Hoare: We must admire Dr Lyn’s bravery 
in coming here and submitting himself to this dis- 
cussion. He has been given a lot of ideas for continuing 
the work, and the discussion has no doubt cleared up one 
or two points. I have the impression that it has intensified 
some of them, but on the whole the airing has been good, 
and I would now like to propose a vote of thanks to the 
author for his paper. 


Dr E. B. Evans: We owe a vote of thanks to Admiral 
Hoare for very kindly coming along this evening and sco 
ably presiding at our meeting. 


The meeting then closed with a unanimous vote of 
thanks to the author. 


* Lyn, W. T. ‘Combustion Product and Wear in High Speed Diesel Engines”. Joint Conference 'on Combustion, 
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RING ANALYSIS OF MINERAL OIL FRACTIONS BY MEANS OF 


NOMOGRAMS, USING KINEMATIC VISCOSITY, REFRACTIVE 
INDEX, AND DENSITY * 


By J. CORNELISSEN ¢ and H. 


l. WATERMAN ¢ (Hon. Fellow) 


SUMMARY 


A method is presented to determine the average number of rings in aromatic and naphthenic structures per 


molecule present in mineral oil fractions. 


The method involves the use of nomograms. 
be brought into connexion with cross-sections of a y-n—d space model recently described by the authors. 


These nomograms can 
Nomo- 


grams of this kind have been used before for the determination of the percentage of carbon in aromatic and 
naphthenic structures as well as for the determination of the molecular weight. 


INTRODUCTION 


RECENTLY the authors described the use of a v-n-d 
space model! for the determination of the carbon- 
type composition of mineral oil fractions. The space 
model consisted of the mutually perpendicular co- 
ordinates log and where vs; is the kinematic 
viscosity in centistokes at 20° C, n? is the refractive 
index for the sodium D-line at 20° C, and d* is the 
density in g/ml at 20°C. In the space model it was 
possible to construct surfaces of equal values of the 
percentage of carbon in aromatic structures, °4C,, 
and of the percentage of carbon in naphthenic 
structures, °,Cy. Cross-sections parallel to the 
co-ordinate plane with these surfaces were used to 
determine %%C, and %%Cy. 

In a further publication * the cross-sections were 
replaced by nomograms by means of which it was 
possible to determine and and also the 
molecular weight. 

In this article the nomograms have been further 
extended by adding the average number of rings in 
aromatic and naphthenic structures per molecule, R, 
and Ry respectively. 


DETERMINATION OF Ry AND Ry BY 
MEANS OF NOMOGRAMS 


The determination of Ry and Ry is being carried 
out by means of the nomograms which have been 
represented in Figs 1-6. 

In general, two diagrams have to be used, namely, 
those which have the two adjacent values of log v in 
respect of the value of log v of the oil fraction under 
consideration. This will be made clear in the 
following example. 

Of fraction 5 of tin 5 (Rumania oil) the following 
constants are known : 

log vo = 0-828 
n® = 1-4695 
d® — 08390 


* MS received 10 September 1956. 
+ University of Chemical Engineering, Delft, Holland. 
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As the value of log v3 is equal to 0-828, the two 
nomograms which have to be used are those for 
log 0-500 and for log 1-000. 


The values of Ry and Ry read from those nomo- 
grams by means of the values of n?? and d*? are : 


from the nomogram for the constant value of 
log v3 = 0-500— 
Ry, = 0-39; Ry = 0-71, 
from the nomogram for the constant value of 
log 1-000— 


R, — 0-40; Ry = 0-74. 


It follows by linear interpolation that 


0-328 

. 0-39 + O-O 

Ry = 0-39 + 001 — 0-39 O04 

and 

0-328 

03 — O71 + 0-02 — 0-7! 

Ry = 0-71 + 0-08 = + 7 

From the n-d-M analysis follows that R, — 0-41 


and Ry = 0-67. The results obtained by means of 
the nomograms are in good accordance with those 
obtained by means of the n-d—M method. 

A correction for Ry has to be made in the case when 
sulphur is present. The correction amounts to 
0-0008 M.°%S, if °,S is the percentage of sulphur 
present in the oil fraction { and M is the molecular 
weight. To Ry, no correction for the sulphur content 
has to be applied. 

In Table I the results of the determination of R, 
and Ry of the fractions obtained from oils of different 
origin are collected. These values have been com- 
pared to those obtained by means of the n-d-M 
method. The differences AR, and ARy between the 
values obtained by means of the nomograms and 
those obtained by means of the n-d—M analysis have 
been given in the last two columns. From the values 
of AR, and ARy it can be concluded that the results 
obtained by means of the nomograms are in very 


+ Cf ref 1, where the sulphur content has been men- 
tioned. 
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good accordance with the results obtained by means 
of the n-d—M analysis. 
Besides the values of Ry and Ry, the nomograms 


contain the values of °,Cy and °,Cy and also those of 


the molecular weight. The determination of these 
latter values have been discussed before? but they 
have been included in the nomograms used in this 
article to give more details of the possibilities regard- 


ing the determination of structural elements of 


mineral oil fractions by means of the new method. 
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* FORMULA FOR HORIZONTAL FLOWLINES FOR HIGH 
PRESSURE CRUDES * 


By H. C. COLLIS ft 


SUMMARY 


An estimation of size and performance of flowlines is usually needed most during the early stages of production 
development. A number of formule have been developed for two-phase flow, most of which are applicable only 
for special cases and conditions. Usually a fairly detailed physical analysis of the crude is required before 
formule can be applied. Much of this information is not available in practice. 

Using existing p-v-t analyses, general pressure—density relationships have been developed, so that, used in 
conjunction with the general energy equation, an assessment can be made from a minimum of fluid data. The 
main assumption that has been made is that the gravity of the oil and gas, the gas—oil ratio (G.O.R.) at any 
temperature, and the mean temperature, which are the data in question, are the chief factors affecting the flow 


properties, 


It is not practical to derive a universal formula, to suit all pressures, as the flow pattern undergoes abrupt 
changes. ‘The scope of this paper covers flowline pressures of 200-2000 p.s.i. and G.O.R. at 100° F of 400 


1400 cu. ft/brl. 


THE flow of mixtures of oil and gas in pipelines has 
already been discussed in relation to oil production 
techniques. It is therefore unnecessary to restate 
the special conditions which must be considered in 
the derivation of formule for mixtures. Composite 
formule have been constructed from all available 
data,! or individual formule for different types of 
flow.2, However, it should be mentioned that, in 
most of the references, the methods which have been 
discussed can be given only a limited application. 
This is particularly true of the empirical nomograms 
and formule appearing in the American literature, 
many of which do not cover the higher average flow 
rates obtained in the Persian Gulf. 

In many of the above, the viscosities of the two 
components are included among the necessary data. 
These are not only difficult to determine under our 
field conditions, but may also bear little relation to the 
viscosity of a flashing mixture of the oil and gas. If 
the viscosity of a mixture could be determined, there 
is no guarantee that the same state of contact and 
separation is present in the flowline. At any instant 
or point in the line, the mixture has a definite absolute 
viscosity, density, and velocity. The alteration of 
gas-oil ratio that will result from energy losses affects 
these properties. Of these properties only a change 
of absolute viscosity will affect the Reynolds Number 
of the system. Therefore, by treating flow as that of 
a single fluid with a variable Reynolds Number, the 
effect of individual components need not be considered. 

In the Persian Gulf area, crudes are at high pressure, 
with high saturation pressures. Consequently gas-oil 
ratios are high, but it is usual to have first stage 
separation at a high pressure. This means that the 
velocity head need not be considered in well flowlines. 
Also, the terrain is uncomplicated, so that flow is 


* MS received 19 September 1956. 
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usually horizontal. This removes a notable obstacle 
when considering the general energy equation. When 
static head must be considered, as in Kirkuk,® the 
friction factor is within a term containing an insoluble 


L 
integral V2dL. 
0 


The Bernoulli equation as used by May * is a well- 
established starting point. This has also been used 
in this paper, but the constant term has been modified, 
so as to be more in line with common practice. It is 
not possible to consider the effect of slippage without 
introducing an undesirable complexity, but at high 
rates of flow it is unlikely that it takes place. 

Considering horizontal flow, the general energy 
equation can be expressed in the form : 

vdP + Vat . W 
g 2gD 


Usual notation : v = specific volume, cu. ft/lb; 
pressure, Ib/sq. ft.; 

velocity of mixture, ft/sec ; 
internal diameter of pipe, ft ; 
friction factor ; 

length of line, ft; 
gravitational constant, ft/sec? ; 
mass flow rate, lb/sec ; 
X-sectional area, sq. ft. 


mea 


The velocity of the mixture is related to the mass 
wv 

Therefore, substituting for V in equation (1), 


flow rate by the equation: V 


dividing by v?, substituting ¢ for , and integrating, 


the equation becomes : 


P, 12 
| edP + log. (*) + - 0 (2) 
P, P2 
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In practice, with flowlines leading to normal first 
stage separation, the first term within the bracket is 
numerically small compared with the second. It 
corresponds to the velocity head and may be ignored, 
though it may be necessary to take it into account in 
burning lines or in flowlines running to atmospheric 
pressure. 

Therefore, by simplifying and using the more 
common units for pressure, the equation is : 


Pe 


Weight of Oil and Gas Associated with One Barrel of De- 
gassed Crude 

Weight of oil, Ib 5-619 . So — Wo 

Weight of gas, lb = G.O.R. » 0-07634 » Sg — Wg 

Total weight. Ib — W = Wo+ Wg 


So density of oil—Ib/cu. ft. 
Sq density of gas relative to air 
(both fluids at 60° F and 14-7 
p.8.L.a.) 
x W 


| 


where p = p.8.i. 


S 


SS 


400 600 800 


1200 1400 


G.OR. AT IOO°F CU.FT./ BBL. 


Fie 1 
VALUES OF S FOR USE IN FIGS 2-5 


Three of these factors (L, D, and A) are concerned 
with the pipe itself, w and fedp depend upon the 
fluid, whereas K, the friction factor, depends upon 
several things, in particular Re and the pipe rough- 
ness. The physical dimensions of the pipe do not 
present any difficulty, although it may be necessary 
to make corrections for elbows, valves, and other 
possible flow obstructions. Information with regard 
to the other terms in the equation is not so readily 
available. These will be considered separately. 


w—THE MASS FLOW RATE 


This is closely related to the volume fiow rate, 
from which it can be calculated, making use of the 
specific gravity of oil and total gas and the gas—oil 
ratio. 


if the specific gravity of total gas is unknown it may 
be taken as unity without introducing any great error. 
Jedp 

In order to determine this it is necessary to know 
the p-v-t characteristics of the fluid. This can be 
determined satisfactorily only by experiment requiring 
time and special equipment. The amount of p—v— 
data, even for highly-developed fields, is still small, 
so that, if the flow formula is to be used for planning 
purposes, it is probable that in many cases the 
relevant data will not be available. 

As a result of the study of existing p-v—t analyses, a 
series of general graphs, Figs 1-5, have been drawn, 
to be used when special p—v characteristics are not at 
hand. The relationship between pressure and density 
for crudes with high saturation pressures is mainly 
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linear below 1000 p.s.i. The initial gradient which 
covers the general curve depends on the amount of 
free gas. This in turn depends mainly upon the 
saturation pressure of the fluid and the line temperature. 

The gas-oil ratio is more readily obtained than the 


O 


O 


LB./CU.FT. 


The curve to be used from amongst the general 
curves in Fig 2 can be determined by use of Fig 1. 
This relates the gas-oil ratio corrected to 100° F. 
and the mean line temperature, with a factor S. The 
numerical value of S is closely associated with the 


O ~ 500 


so 


2000 


— 
2500 


PRESSURE P.S.I. 


Fie 2 


PRESSURE-—DENSITY CURVES FOR TWO-PHASE MIXTURES 


saturation pressure, and, as these are interrelated, the 
emphasis in these calculations has been placed on the 
former. Usually gas-oil ratio is measured at the 
ambient temperature and corrected to standard 
conditions, e.g. 60° F and 14-7 p.s.i.a. For purposes 
of comparison between crudes, the standard G.O.R. 
that has been adopted in the attached curve is that 
obtained by degassing at 100° F. If it is not possible 
to determine the G.O.R. at this temperature, a 
measurement made at another temperature (7'r) may 
be corrected by the following empirical formula : 


Gir.) = Are — (Tx — 100) . (5) 
where G- G.O.R., cu. ft/brl; 
°F 
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initial gradient of curves in Fig 2. The desired Sedp 
can be obtained by integrating the curve correspond- 
ing to S obtained in Fig 1. For the sake of 
convenience, general integration has been carried 


out and recorded in Figs 3-5, so that | edp may 


be simply obtained by subtracting the value of fedp 
for p, from that at p,. 

The mean flowline temperature is best estimated 
from direct readings. It obviously depends on many 
factors, e.g. length and nature of pipe, reservoir and 
ambient temperature, and flow rate, so there can be 
no simple method to calculate it. A typical estimate 
of flowline temperatures, assessed from separator 
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VALUES OBTAINED BY INTEGRATING CURVES IN FIG 2 BETWEEN VARIOUS PRESSURES 
(1) P = 100-500 
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temperatures, has been made for one particular field 
as follows : 


Separator temperatures Mean line temperatures 


60°— 70°F 115° F 
80°F 120° F 
80°— 90° F 125° F 
90°—100° F 130° F 
100°— 135° F 


K--THE FRICTION FACTOR 
It has already been stated that the Reynolds 
Number varies within a flashing system. The value 


of the general energy equation is lost, unless K can, to 
some extent, be considered constant. In practice, 
calculations on a number of flowlines, over a range of 
flow rates, give values of K which are close to 0-025, 
It has been observed that some lines have particular 
factors, e.g. K = 0-022, but that they retain these 
values for all operating throughputs. Many different 
formule could be used to deduce the relevant Reynolds 
Number corresponding to K = 0-025. In general, 
they indicate that for average flowline throughputs 
loge Re is from 45 to 55. However, in these 
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VALUES OBTAINED BY INTEGRATING CURVES IN FIG 2 BETWEEN VARIOUS PRESSURES 
(3) P = 1050-2000 


of K depends on Re, so that it also varies corre- 
spondingly. Considerable research has been carried 
out in other contexts to determine the functional rela- 
tionship between these two factors, and has been 
summarized by Finniecombe.® General curves have 
been constructed corresponding to the relative 
roughness of the pipe.6 These curves have two 
distinct phases connected by an_ indeterminate 
transitional zone. As Re increases, K tends towards 
a constant value. It is apparent that, although Re is 
a variable, the advantage of this simplified treatment 


calculations, K, the only unknown in the formula, 
has been determined from known production and test 
data. It therefore contains the accumulated error of 
this method, and should not be given any absolute 
significance. Its actual behaviour in practice is of 
greater interest than its theoretical values from 
formule obtained in other contexts. The most 
important observation is that it can be given a 
particular value for normal flow rates. However, at 
low flow rates (<1000 b.d. for 4-inch lines and 
<2000 b.d. for 6-inch lines) a different type of flow 
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pattern is produced. Hence the friction and/or 


slippage is drastically altered so that the formula 
cannot be applied. 
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APPENDIX 1 
Application of Formula 


(1) The pressure drop for given conditions is the most 
common use to which equation (3) is applied. Usually either 
P, OF Pp, is fixed, so that the unknown pressure has a single 
value. If neither is fixed, the formula may be used to caleu 
late a range of possibilities. A value of K = 0-025 should be 
adopted unless a more exact figure is available. 

(2) When the flow rate for a given P.D. is required, equation 
(3) should be solved for w. The flow rate is obtained from w 
using equation (4). 

(3) In order to calculate the correct size pipe to satisfy a 
definite set of conditions, the formula must be expanded 
slightly, and rearranged : 


u®KL 


| pdp 


Ps 
The value of D will most likely be for an intermediate size. 
The required length of standard pipes may be calculated 
from the following : 


(6) 


D,5) 
where D, diameter (ft) of pipe of standard size, larger than 
D; 
D, = diameter (ft) of pipe of standard size, smaller than 
D; 
F required length of larger pipe. 


(7) 
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CETANE NUMBERS—THEIR DETERMINATION AND SIGNIFICANCE * 


By THE IGNITION QUALITY OF DIESEL FUELS PANEL OF IP STANDARDIZATION 
SUB-COMMITTEE NO. 5 


THE cetane number scale has been used as a measure 
of diesel fuel ignition quality for nearly 20 years. It 


was undoubtedly inspired by the prior adoption of 


octane numbers to express the anti-knock properties 
of gasolines, but the two scales really have very little 
in common. It should be remembered that octane 
number is concerned with burning of the last part of 


P 


IGNITION LAG | 


TOC t(°CRANK ANGLE) 
Fic | 


the charge in the cylinder, whereas cetane number is 
a measure of the initial stage of combustion. 

High ignition quality in diesel fuels gives relatively 
easier starting and smoother running, at least within 
the range of fuels normally marketed, but there is 
seldom any advantage to be gained by exceeding 
about 60-65 cetane number. High-speed engines for 
road vehicles will, in fact, operate satisfactorily on a 
50 cetane fuel, and many engines are designed for a 
minimum of 45. Large stationary and marine engines 
operate satisfactorily on fuels of 25 to 30 cetane 
number. 

Fig | shows a typical p/t diagram for the com- 
pression-ignition (diesel) cycle. Fuel injection com- 
mences at A but no measurable increase of pressure 
due to combustion occurs until B. The * ignition 
lag’ is expressed in crankshaft degrees, and_ its 
numerical value will depend on the type of engine as 
well as on the ignition quality of the fuel and the 
running conditions. Cetane has been adopted as the 
primary reference fuel for high ignition quality 
because it gives a very short ignition delay. +- 
Methylnaphthalene is used as the primary reference 
fuel for low ignition quality, and by definition has a 
rating of zero cetane number. Fig 2 shows a typical 
relationship between cetane number and delay angle. 
Cetane number must be determined in an engine, 
preferably single cylinder, by comparing the test fuel 
of unknown ignition quality with blends of the 
reference fuels but, unlike knock rating tests, it is not 


* MS received 18 October 1956. 


absolutely essential to specify the design of engine 
used. Experience has, in fact, shown that good agree- 
ment is possible between different engine types and 
even using different test procedures. 

In the U.S.A., the ASTM has adopted a variant of 
the well-established CFR knock-testing engine having 
a diesel type of cylinder head. The cylindrical com- 
bustion chamber has a movable plug and scale at one 
end so that compression ratio can be varied, and it 
connects with the main cylinder by a tangential 
throat which is intended to promote turbulence. 
Fuel is injected into the combustion chamber at the 
opposite end to the movable plug. Ignition delay is 
measured by an electronic instrument which was 
developed in the first instance by a British fuel-testing 
laboratory. This is illustrated in Fig 3. It employs 
a pressure pick-up device in the combustion chamber 
in conjunction with an attachment to detect the 
commencement of fuel injection. There is a further 
pick-up on the fly-wheel so that the crank angle 
between the start of injection and the commencement 
of combustion pressure rise is accurately measured 
and indicated on the dial of the ignition delay meter. 


\ 


7 


Of. ANGLE 
A 
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Fuels are compared at a fixed delay of 13°; the com- 
pression ratio is varied to give this delay, and the 
corresponding scale reading for each fuel is recorded. 
The unknown fuel must be bracketed between two 
reference fuel blends differing by not more than 5 
cetane numbers, and its ignition quality rating is then 
determined by interpolation from the scale readings. 
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Engine operating conditions are closely specified (for 
full details see ASTM Method D613-48T). 

In practice, it is convenient to use secondary 
reference fuels which have been carefully calibrated 
against the primaries. Those in current use in 
America are designated T.13 and U.6.* | Their official 
values as stated by the ASTM are 70-7 and 22-9 
cetane number respectively. ASTM engines give good 
reproducibility but are not widely used in Europe 
because they are costly in dollars. 


Test Methods in Europe 
The IP, whilst accepting the ASTM method, 


IGNITION OFLAY METER 


Fie 


publishes in “ Standard Methods’”’ two alternative 
test procedures but does not specify a particular make 
of engine. There are, however, reservations concern- 
ing the testing of residual fuels or blends containing 
ignition accelerators.! Test Method A requires an 
indicating device for measuring ignition delay; the 
instrument in Fig 3 is suitable, or a cathode-ray 
oscillograph can be employed. Using secondary 
reference fuels, a curve resembling Fig 2 is constructed 
to cover the range of fuels to be tested. The latter 
are then run through the engine in turn, the ignition 
delay noted, and the corresponding number read off 
the curve. The rating curve should be re-plotted at 
least once a day to eliminate engine and atmospheric 
variables. Laboratories having a substantial number 
of daily samples to test prefer to repeat their checks 
with reference fuels more frequently. 

If the air supply to a C.1. engine is progressively 
throttled, a point is reached when it will commence 
to misfire, and this occurs earlier with a fuel of low 
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® These will be replaced during 1957 by T.14 and U.7. 


ignition quality. IP Method B makes use of this 
phenomenon. Under steady running conditions, the 
air inlet is closed until incipient misfiring occurs and 
the manifold vacuum at this point is noted. The test 
fuel is bracketed between two reference fuels differing 
by not more than 5 cetane numbers, and the rating is 
calculated by interpolation. It is necessary to fit a 
surge chamber of approximately ten times the piston 
displacement to the air intake in order to damp out 
pressure fluctuations at the pressure gauge or mano 
meter. The method is not wholly satisfactory with 
air cell engines, and open combustion chamber types 
are preferred. Also an induction motor type of 


dynamometer is recommended, so that crankshaft 
speed will not drop when misfiring occurs. 

British laboratories use the IP secondary reference 
fuels, the values of which were established by careful 
calibration against cetane and z-methylnaphthalene.* 
The high quality reference fuel (designated HIQ) has 
a cetane number of 70-5 and the other (LIQ) a cetane 
number of 18-0. 

The German standardizing body, Deutscher Nor- 
menausschuss, has adopted an interesting compromise 
between the foregoing methods.* The engine is fitted 
with a delay meter, but readings are determined at 
a constant delay angle of 20°. This is effected by 
throttling the air intake until the normal delay angle 
increases to 20°; manifold depression readings are 
used for interpolation between bracketing reference 
fuels. The most widely-used test engine in that 
country is the HWA, which is a modification of the 
single-cylinder Deutz AIM 317 of 120 mm bore. It 
employs the Neumann indicator, which gives an 
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accurate indication of ignition delay by means of a 
neon lamp on the fly-wheel. The BASF test unit, 
which is also recognized in Germany, incorporates an 
M.W.M. engine of 95 mm bore and likewise employs 
the Neumann indicator; the unit is supplied complete 
with electric loading motor and operator's panel. 
The Germans use the American secondary reference 
fuels, or else compare directly with cetane and 
x-methylnaphthalene from home sources. One of the 
disadvantages of the latter material is that its purity 
is variable, and the American supply is believed to 
contain the 8 compound as well. It is not known with 
certainty what effect these differences have on the 
ignition quality. ASTM is currently studying the 
question of tightening up specifications for primary 
reference fuels. 


Co-operative Tests 

Member laboratories of the IP Ignition Quality of 
Diesel Fuels Panel operate a voluntary correlation 
scheme through which two diesel fuel samples are 
rated every month by all participants. Similar ex- 
change arrangements exist in Germany and the U.S.A. 
and are invaluable in helping engine operators to 
maintain satisfactory standards of precision. Dis- 
cussions took place at the end of 1954 between 
representatives of the German and British panels 
concerned with cetane rating, and from the beginning 
of 1955 the two standardizing organizations have 
carried out a series of nine exchanges whereby some 
German monthly correlation samples have been rated 
in England and vice versa. The British laboratories 
used IP secondary reference fuels, and engine types 
included CFR-ASTM (3), Petter (2), and_ single 
examples of IG, Ruston, Crossley, Gardner, and 
National. The four last-mentioned were operated 
according to the throttling procedure (Method B), 
whilst the Ruston was also operated by Method A. 


TABLE I 


Average Cetane No. 
IP Sample No. 


German British 
138 69:2 67-9 
138A 58 2 | 57-6 
139 47-4 46-5 
140 51-2 51:8 
152 571 | 57:1 
161 60-2 60-3 
162 51-9 | 51-1 
163 42-2 41-9 


164 46:7 463 


The Petters were operated by Method A. The German 
laboratories used both American secondary fuels and 
primaries, as mentioned above. Besides the HWA 
and BASF engines, there was one CFR—ASTM and one 
IG type. The latter is a variable compression engine. 

Table I shows the averages of fuel ratings regardless 


of engine types or reference fuels employed. Detailed 
analysis of the results showed that differences due to 
these factors were minor in degree. Fig 4 is a plot of 
these average ratings, and it will be seen that all 
points except one lie within +-1 cetane number of the 
line of perfect correlation. The exception is Sample No. 
138, which was 100 per cent T.13 (70-7 C.N. by ASTM 
calibration) and which was rated too low by both 
British and German laboratories. Fixed compression 
engines tend to become rather insensitive at this level 
of ignition quality. Sample No. 161 was a T.13/U.6 
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blend of 61-0 C.N. by ASTM calibration, and in this 
instance the average ratings were in reasonable agree- 
ment with the official value. The same applies to 
Sample No. 164, which was a blend of IP reference 
fuels having an official value of 46-9 C.N. 

The nine sets of test results were obtained using a 
good cross-section of distillate-type fuels and three 
sets of reference fuels (i.e. primary, ASTM, and IP) 
and overall agreement was remarkably good, particu- 
larly with such a diversity of engine types. It has 
been demonstrated that cetane numbers have sub- 
stantially the same value in terms of engine perform- 
ance irrespective of the choice of test method or 
reference fuel. It must be emphasized that the above 
comparisons are drawn between averaged results from 
a group of dissimilar engines in each country. It was 
noted, for example, that the HWA engine tends to 
rate at least one cetane number higher than the BASF. 
Similar trends are observable between individual 
British engines, but it may be possible to reduce them 
by modifying the loads and operating temperatures 
to suit. Correlation and reproducibility in the Ger- 
man tests were a little better with primary fuels than 
when T.13/U.6. was used, but it is impossible to say 
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whether this indicates any “ sensitivity ’’ factor due 
to differing engine combustion systems; if so, it was 
not marked within the range of cetane numbers 
studied. When testing commercial-type fuels against 
IP secondary or German primary reference fuels the 
standard deviations ranged from 0-55 to 1-90 and were 
usually slightly better in the German tests. This 
could be attributed to the greater diversity of engine 
types in British laboratories. 

It is unlikely that much better agreement can be 
achieved while so many engine types are in use, but 
it seems to be generally considered that the precision 
obtainable is adequate for routine commercial testing. 
The Ignition Quality of Diesel Fuels Panel under Sub- 
committee 5 (Engine Tests) has set up a working group 
of engine operators to study ways of improving pre- 
cision. It hopes to publish data from time to time 
and will continue exchange tests with the German 


organization at six-monthly intervals. The question 
of specification standards for the quality of primary 
reference fuels will be kept under review. and the 
Panel corresponds regularly with the appropriate 
sections of ASTM and with CRC in America. Alter- 
natives to the engine test based on physical properties 
of the fuel are being investigated, but it is likely that 
an engine test will always be essential for fuels contain- 
ing ignition promoters. The Panel's ultimate ob- 
jective is to secure the greatest possible uniformity in 
test methods, but this will take time, for the simple 
reason that there are so many problems of a more 
urgent nature which the industry has to solve. 
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OBITUARIES 


EVERETTE LEE DE GOLYER 
1886-1956 


Dr Everette Lee De GoLyer, the foremost U.S. oil 
geologist, died at his office in Dallas, Texas, on 14 
December 1956. He was seventy and had been in 
failing health for some years, 
though he remained active at 
the head of the De Golyer and 
MacNaughton firm of con- 
sultants. 

He became Fellow of this 
Institute in 1919 after he had 
“retired from the post of 
Chief Geologist of the Mexican 
Eagle Oil Company and had 
taken up consulting work at 
the early age of thirty years. 

De Golyer was one of the 
pioneers of oil geology and a 
peer among this now diminish- 
ing band of men. He was per- 
haps lucky to be associated 
with the prolific Mexican oil- 
fields based on abundant seep- 
ages and to be among the 
first geologists to win fame 
and fortune in the new oil 
industry, but his genius was 
soundly based, as his subsequent career well shows. 

Born near Greensburg, Kansas, on 9 October 1886, 
he took up geology at the University of Oklahoma, 
doing summer work first with the U.S. Geological 
Survey and later in Mexico, where the former Chief 
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Geologist of the Survey, Dr Hayes, had joined Lord 
Cowdray’s Mexican Eagle Oil Company. After 
graduating in 1911, De Golyer became Chief Geologist 
of the Mexican Eagle when 
Dr Hayes moved up to Vice- 
President. 

De Golyer was thus respon- 
sible for most of the well 
locations along the so-called 
Golden Lane,” including the 
biggest, Potrero del Llano No. 
4, which produced over 100 
million barrels between 1911 
and 1919. 

In 1919 De Golyer organ- 
ized the Amerada Petroleum 
Corporation—for which Lord 
Cowdray furnished the original 
financial control—and under 
his direction as vice-president, 
president, and chairman, it 
became one of the leading U.S. 
producing companies and also 
fostered some new equipment, 
such as the Amerada pressure 
recorder. 

He occupied similar positions in another Cowdray 
interest, the Rycade Oil Corporation, formed in 1923. 

The previous year he had brought one of the first 
torsion balances into the United States from Hungary 
to try it on the Spindletop salt dome. This initiative » 
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was rewarded by the discovery by Rycade of the Nash 
dome in 1924, which two years later became the first 
oilfield to be discovered by geophysics. 

De Golyer went further into geophysics in 1925, 
organizing the Geophysical Research Corporation, 
which became the leader in designing and developing 
the new seismic reflection method. 

Resigning from the chairmanship of Amerada and 
Rycade in 1932, De Golyer went on his own, and soon 
succeeded in amassing a fortune as an independent 
producer. 

In 1936 he formed, with Lewis MacNaughton, the 
successful consulting firm which bears their names and 
has a world wide practice. 

All along, De Golyer has been an adviser to different 
branches of the U.S. Government, and in the Second 
World War he became an Assistant Deputy Petroleum 
‘o-ordinator and Administrator for War. In this 
capacity he led a Petroleum Commission over the 
Middle East oilfields in the winter of 1943-44, which 
resulted in the famous statement— 


“ The centre of gravity of world oil production 
is shifting from the Gulf—Caribbean area to the 
Middle East and is likely to continue to shift until 
it is firmly established in that area.”’ 


The writer had the privilege of accompanying him 
on this tour and formed a very high regard for his 
genial character and outstanding abilities. 

During such a long and distinguished career, De 
Golyer received many honours and awards, from 
Universities, scientific and industrial associations. 

He was elected president of the American Associa- 
tion of Petroleum Geologists as early as 1925, an 


honorary member in 1945, and received its highest 
honour, the Sidney Powers Memorial Medal, in 1950. 

He was president of the American Institute of 
Mining and Metallurgical Engineers in 1927, and in 
1941 he received its Anthony F. Lucas Gold Medal 
“for initiating ...and fostering applied science in 
the finding and developing and producing of oil.” 

He was the author of several scientific papers on oil 
geology, particularly on salt domes and the history of 
prospecting. He had a fine library at his home out- 
side Dallas and was a noted book collector of rare 
volumes on the early history of Mexico and the border 
states of Texas, New Mexico, and Arizona. 

He was also Chairman of the editorial board of the 
Saturday Review of Literature and president of the 
Dallas Museum of Fine Arts. 

In appearance he was short and Puck-like, quick- 
witted anda jovialcompanion but tough minded. De” 
leaves a widow, who shared his active life from the early 
days in Mexico, a son, and three married daughters. 

In these pages two years ago we mourned the loss 
of George Lees, who was the most eminent British oil 
geologist. Although the two men _ had similar 
characters, they had different careers, but each had 
dedicated his life to the practice of oil prospecting. 
and our industry is the richer for their efforts. 

The writer remembers a stimulating argument 
between them about who was the geologist who found 
the most oil, and characteristically neither claimed 
this for himself. Arthur Noble was given the credit 
for Kirkuk, Hugo de Boeckh for Haft Kel and Gach 
Saran, Max Steineke for Abqaiq and Ghawar, and so 
on. Truly there were giants in those days. 

F. E. W. 


HERBERT STILLMAN 
1908-56 


Ir is with regret that we record the death of Herbert 
Stillman, an Associate Member of the Institute since 
1946 and, at the time of his death at the early age of 
forty-eight, the Chief Chemist of Messrs Gaunt & 
Hickman Ltd. of Wolverhampton. 

Herbert Stillman first joined the petroleum industry 
in 1925 as a junior chemist with Messrs W. B. Dick 
& Co. Ltd. and later became assistant to the Works 
Chemist. In 1936 he was made Works Chemist to 
Messrs Keiner & Company of Mitcham, and in 1938 
returned to Messrs W. B. Dick & Co. as Chemist and 
Works Manager. In 1940 he joined Messrs Edward 
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Joy & Sons Ltd. as Chemist, and in June 1956 took 
up the post of Works Manager and Chief Chemist to 
Messrs Gaunt and Hickman Ltd. 

Mr Stillman was an active member of the IP 
Northern Branch and joined the Branch Committee 
in 1954. It was only difficulty in regularly making 
the journey from Wolverhampton to Manchester that 
led to his resignation from that Committee in 1956. 

A keen supporter of the Boy Scout movement, he was 
an active member of the Church and its social ac- 
tivities. He is survived by his wife and three children, 
and to them we tender our sincere condolences. 
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The fact that the Klinger valve has 
no seat but is sealed by resilient 
packing rings which are compressed 
round a sliding piston, means that 
power is only required to move the 
piston from one position to another 
and no power is required to main- 
tain the valve in the closed or open 
position. Valves are manufactured 
with bronze, forged or case steel 
bodies, screwed or flanged, with 
stainless steel pistons and spindles 
as standard, in sizes from 4” to 6” 
bore. Tapped air connections are 
provided at each end of the air am 
cylinder. The valves have been 
designed for operation with an air "a 
supply at a pressure of about 
70 p.s.i., although in certain 
circumstances it is possible for 
the valves to operate at pressures « 
down to 50 p.s.i. ! 

Klingermatic air-operated valves 
are ideally suited for remote control 
of filling lines, emergency valves, 
where rapid operation is desired 
and such similar applications. 


Write for the Klinger Master Catalogue which describes Klingermatic Air-operated Valves being used as remote-controlied 
the complete range of Klinger products. filling and emergency valves on a gas bottling plant. 


RICHARD KLINGER LIMITED 


KLINGERIT WORKS + SEDCUP+> KENT + ENGLAND 
Cables: Klingerit Telephone’ Foots Cray 7777 


AGENTS THROUGHOUT THE WORLD 


MANUFACTURERS OF KLINGER SEATLESS PISTON VALVES; KLINGER SLEEVE-PACKED COCKS; KLINGER LEVEL INDICATORS; RINGS AND 
SEALS IN KLINGER SYNTHETIC MATERIALS, AND KLINGERIT COMPRESSED ASBESTOS SHEET JOINTINGS AND PACKINGS FOR EVERY PURPOSE 
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Crude distillation 
unit, at the Esso 
Refinery at Fawley, 
designed and built 


by Foster Wheeler. 
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size and type 
EXACTLY 
meet your requirements 


With the addition of the new “15-Range,” Baker HINGE-LOK 
Casing Centralizers are now available for all combinations of 
casing sizes and hole sizes. From “slim” holes to large-diameter, 


Now! oversize, irregular holes—or even where cavities are anticipated— 
an added there is a Baker HINGE-LOK Casing Centralizer to start without 
“Range” “snubbing” and to provide a positive, uniform annular cementing 
for close space around the casing. « Any Baker representative or office 
tolerances. 


is ready to help you get “first-time” cementing results with Baker 
HINGE-LOK Casing Centralizers. To end right, 
start right—call BAKER. 


BAKER OIL TOOLS, INC. 


holes, without “‘snubbing.” HOUSTON « LOS ANGELES © NEW YORK 


 HINGE-LOK 


always provide “Maximum Centering Force” 


20-RANGE 


Used where LESS- 
THAN-NORMAL 
clearance is 
Present between 
the casing ON 
which centralizers 


are run and 
the casing — 
THROUGH which RANGE 
they are run. “H-50" Used 


where GREATER- 
THAN-NORMAL 


25-RANGE 


Used where clearance is 
NORMAL present and where 
clearance is extensive hole 
present, irregularities, or 
and no serious even cavities, are 
problem anticipated 
of over-size 


hole is 
anticipated. 
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versatile FUSION 
ELDING 


Bottom Right The 75 ft.-long by 10 ft.-diameter pressure vessel shown above during instal- 

lation at the Patchway Works of Bristol Aero-Engines Limited, is part of a 
ASebcock Suslon-wented testing tower special test cell nearly 90 ft. long fabricated by Babcock & Wilcox Ltd. in 
prior to despatch from the Company's molybdenum steel, by the BABCOCK fusion-welding process. 


Designed for the testing of ramjet and turbojet engines, this impressive test 


Seton plant will reproduce simultaneously the conditions of high air speed and low 
Automatic fuslonswelding of a. thick- atmospheric pressures associated with high-altitude and supersonic flight. 

walled pressure vessel at Renfrew So, BABCOCK fusion-welding, with its fine reputation in the construc- 
Works. tion of many hundreds of pressure vessels for oil refineries, chemical plants 


and nuclear power stations, has entered the aircraft industry. 


What better example of its versatility—in providing for any 
industry, pressure vessels up to the largest sizes and highest 
specifications, backed by unrivalled design, research and manu- 
facturing facilities, and 25 years of fusion-welding experience. 


BABCOCK « WILCOX LTD. 


BABCOCK HOUSE, 209 EUSTON ROAD, LONDON, N.W.1. 
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Perhaps you can’t. But it’s there all right. Come down 
to ground level, take a look right inside — at the control 
equipment for example. Is it automatic? Or does it tie up 
manpower which could be better used elsewhere? Many 
plants still operate as if automatic controls for flow, level, 
pressure and temperature had never been invented. Yet 
today the best control equipment is highly efficient, 
versatile and economical. And that means Sunvic. Sunvic 
Controls Ltd., make control and measurement equipment 
for almost every purpose in many major branches of 
industry. Sunvic controllers, relays, transmitters and 
thermometers are efficient and completely dependable. We 
shall be glad to offer expert advice on your control and 
measurement problems. 


\\\ 


Today takes control 


SUNVIC CONTROLS LIMITED (Process 


TEMPLE FIELDS, HARLOW, ESSEX Telephone: Harlow 24231 
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Control Division) 


rey 


al 


CONTROLLER 
operating on the pneumatic 


} 
2 force-balance principle. 


LIQUID LEVEL 
TRANSMITTER 

a displacer type up to 
60° range 


PRESSURE TRANSMITTER 
a4 for measuring a wide range of 
| Process pressures up to 10,000 
p.s.i. 


THERMOMETER 
gas filled thermal system, force-balance 
operated. 


No. 1 FACTORY 


Member of the A.E.1. Group of Companies 
$C/22 
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HAYWARD TYLER - TERRY 


TYPE ¢ STEAM TURBINE 


The success of the Hayward Tyler Terry Steam Turbine Type Z as a prime mover for pumps, fans, blowers, 
compressors, and generators has led us to introduce a new and more powerful version — the Type G. 
Whereas the Type Z covered a H.P. range of 5 to 200, the Type G provides 75 to 575 H.P. at steam 
pressures up to 450 P.S.I.G. and steam temperatures up to 750° F. 

Provision is made for ten steam jets (compared with a maximum of four on the Type Z) thus giving 
flexibility of output. 

The Type G Turbine has a cast steel case and its simple construction, with a single turbine wheel forged 
out of the solid steel, gives it great reliability in service. 

We shall be glad to discuss the application of these turbines to your specific needs. 


HAYWARD TYLER 


HAYWARD TYLER & COMPANY LIMITED .- LUTON & EAST KILBRIDE - LUTON 6820 
LONDON OFFICE SALISBURY HOUSE . FINSBURY CIRCUS . EC2 -. NATional 9306 
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MARSTON 


Marston’s have unrivalled experience in the fabrication of 


light alloys—of all shapes and sizes. Their products have 
earned a reputation for efficiency and reliability that is 


world-wide. 


This 52’ tower weighs 10 tons and 
was fabricated in aluminium alloy by Marston 
Excelsior Ltd.—another example of the 
specialised products and comprehensive 
service that Marston’s provide. 


the Service of Industry 


* Light Alloy Fabrication 

%*& Specialised Engineering Assemblies 

* Laminated Plastic Components 

Flexible Tanks Radiators and Heat Exchangers 


This truck-container is designed 

to carry granular material of particle size 
approximately Special attention 

had to be paid to the fit of the door and 

the smooth finish of the interior. 

The body (3” Plate Kynal M 39/2) was welded by 
the Argon arc and Argonaut processes. 


This radial sluice-gate is 6’ 6” wide 
and 6’ high. It is made of aluminium alloy, 

to minimise maintenance costs. To obtain 

a clean design free from any crevices where 
corrosion might start, the gate was welded by 
the Argon arc process. It is believed 

to be one of the first examples in this country of 
a radial sluice-gate in welded aluminium alloy. 


MARSTON EXCELSIOR LIMITED 
FORDHOUSES, WOLVERHAMPTON. Tel: Fordhouses 2181 


(A subsidiary company of Imperial Chemical Industries Ltd.) 
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The Business End of a 
Bright Idea for Gasolines 


Heoter, heat exchangers and reactors, heart of UOP Rexforming Unit at Cosden Petroleum Corporation, Big Spring, Texas. 


This is the heart of the UOP Rexforming process, a new 
development in petroleum refining that produces automotive gasolines 
with the industry's highest octane ratings with remarkable 
efficiency and economy. The idea for Rexforming 

was born in Universal's research laboratories. UOP develops and 
designs the equipment required to make this process 
commercially practical. UOP field engineers follow every phase 
of construction and are right on hand to see that the 

actual plant functions smoothly from the very start. This is the 
full measure of Universal's service. From bright 

idea to smooth operation, it’s a service that is 

available to all refiners everywhere. 


Representative in England: F. A. Trim, 
Bush House, Aldwych, London, W.C.2 


UNIVERSAL OIL PRODUCTS COMPANY 
30 Algonquin Road, Des Plaines, Illinois, U.S. A. 
Forty Years Of Leadership In Petroleum Refining Technology 
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"=" Gr EE G&D Tar” 
Migh-fin and 
 Low-fin tubing 


For maximum heat transfer efficiency 


Extended surface tubing in 


copper, aluminium, brass, steel, 


magnesium and bi-metal 
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METALS DIVISION 
IMPERIAL CHEMICAL INDUSTRIES LIMITED, LONDON, S.W.1 
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OXYGEN 


CORROSION 


WITH THE WEIR “OPTIMUM” DE-AERATOR which is the 
simplest and most effective equipment for removing corrosive 
gases dissolved in boiler feed water, and so protecting boiler 
surfaces, piping, economisers, etc., from corrosion and 
pitting. The Weir De-aerator can readily be installed in 
existing power plants, and heat in the operating steam is 
retained in the feed water. Write for Publication No. 1H.37 
“Eliminate Corrosion in the Power Plant.” 


MAKERS OF BOILER FEED PUMPS AND AUXILIARIES 38 
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but not a drop in the fuel 


Gallons of water at the Falls—but not a drop in the fuel. Where’s it 

gone? Down into the sump of a Simmonds Separator Filter. Solid 
contaminants go too; in fact, a Simmonds Filter makes short work of the whole 
business of water-from-fuel separation. Two types of separators are made: each 
works continuously without attendance and at low cost. FRAM units 

(for aircraft refuelling) combine 100°, water separation with filtration of 
solids down to 5 microns. EXCEL-sO units (for refineries, 

pipelines and bulk handling) also efficiently separate water from 

hydrocarbon fluids and remove solids down to 40 microns. Both units 


are available in a wide range of flow rates for working pressures up to 


150 p.s.i.—higher if needed—with automatic or manual water drainage. 


SIMMONDS SEPARATOR FILTERS 
giwe clean, water-free fuel for aircraft 


FRAM SEPARATOR FILTERS ARE FULLY APPROVED BY THE MINISTRY OF SUPPLY 


Enquiries to: Simmonds Aerocessories Ltd., Byron House, 7-8-9, St. James’s Street, London, S.W.1. Whitehall 5772 
Head Office & Works: Treforest, Pontypridd, Glamorgan, A MEMBER OF THE FIRTH CLEVELAND GROUP & 
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The Kellogg reputation to undertake the complete responsibility of a refinery or a petro- 
chemical plant and have them on stream early is the function of Kellogg's engineering 
proficiency and efficiency. In terms of return on capital invested, an early on stream date 
may be Kellogg’s greatest service to its clients. 


The Kellogg organisation is prepared to work with petroleum refiners and petrochemical 
producers at any stage of the development of a project and to a degree of detail desired by 
the client. Many refiners and petrochemical producers work with the Kellogg organisation 
from the very inception of a large project because of Kellogg’s proven reputation: 


To engineer and to construct large petrochemical plants and refineries anywhere 
in the world. 

To assist in the selection of crude oils or other raw materials. 

To select the optimum process schemes based on clients’ specific case. 

To help select plant sites. 


To accept the complete responsibility for construction from site clearance to 
placing the refinery or plant on stream. 

To work and co-operate with other contractors and equipment suppliers and still 
be willing to accept full responsibility. To utilise local material and labour to 
satisfy completely the client at all levels within his organisation. 


If your immediate or long range plans include a refinery or petrochemical plant in the 
United Kingdom, the Middle East, the Far East or Europe it will pay you to consult the 
Kellogg International Corporation. 


Kellogg International Corporation 


KELLOGG HOUSE CHANDOS STREET, CAVENDISH SQ. LONDON : W.1I. 


SOCIETE KELLOGG PARIS 
THE CANADIAN KELLOGG COMPANY LTD TORONTO 
KELLOGG PAN AMERICAN CORPORATION NEW YORK 
COMPANHIA KELLOGG BRASILEIRA © RIO DE JANEIRO 
COMPANIA KELLOGG DE VENEZUELA CARACAS 

Subsidiaries of 


THE M. W. KELLOGG COMPANY NEW YORK Ss 
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IMPERIAL CHEMICAL 
PF.I9 


THE HEART OF THE MATTER 


HE MOST IMPORTANT parts of this seal unit 

(illustrated here in its separate components and 
with the two halves assembled) are the two white 
rings made from * Fluon’ polytetrafluoroethylene. 

* Fluon ° is ideal for all uses where resistance to 
corrosion is required. It is not affected by 
extremes of temperature, corrosive fluids or 
solvents. In fact, within its working temperature, 
from — 80 C to 250°C, * Fluon’ is unaffected by 
any chemicals except molten alkali metals and 
certain fluorine compounds. 

*Fluon’ also has remarkable electrical prop- 
erties. It has a very low power factor and permit- 


POLYTETRAFPLUOROETHY LENE 


~ the plastics material for gaskets, packings, seals and couplings 


Corrosion-resistant 
shaft seal unit mack 

by Crane Packing Lid... 
Slough, incorporating 
*Fluon” rines 


tivity, neither of which varies with temperature or 
frequency. * Fluon* does not absorb and is not 
wetted by water, so that its insulating properties 
are unaffected by humidity. 

* Fluon’ has a very low coefficient of friction and 
can be used very effectively in special types of light 
duty bearings required to work without lubrica- 
tion. It is particularly useful in textile and chemical 
plants and for food-processing machinery. 

* Fluon’ can also be extruded into continuous- 
length tubing of various ciimeters and wall 
thicknesses for use as a liaer in flexible high 
pressure hose. 


‘Fluon* is the registered trade mark for the polytetrafluoroethylene manufactured by 1.C.1. 


INDUSTRIES LIMITED + LONDON: S.W.1 
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FOR THE PETROLEUM INDUSTRY 


The Yorkshire Copper Works Ltd. are makers of solid 
drawn tubes in ‘‘Yorcalbro’’ (aluminium—brass), 
Admiralty Mixture Brass, 70/30 Brass, ‘‘ Yorcoron”’, 
‘“*Yorcunic’’, Yorcunife and 70/30 Cupro-Nickel, 
Copper, ‘‘Yorcalnic’’ (aluminium-bronze) and Tin 
Bronzes. They are also makers of Bi-metallic (Duplex) 


** YORKSHIRE”’ BI-METALLIC (Duplex) TUBES 
Bi-metallic or Duplex tubes are frequently used to over- 
come corrosion problems where no single alloy can provide 
adequate resistance to corrosion by the media in contact 
with the inside and outside surfaces of the tubes. ‘* York- 
shire ’’ Bi-metallic tubes are manufactured in combinations 


tubes and specialise in the manufacture of Heat Ex- of steel and non-ferrous alloys, e.g. steel lined or shirted 
changer and Condenser Tubes. They are sole makers of with ‘‘Yorcalbro’’, and in combinations of non-ferrous 
** Yorkshire Capillary Fittings. alloys. 


** YORCALBRO”’ (Aluminium-Brass) TUBES FOR HEAT EXCHANGE EQUIPMENT 
‘“*Yorcalbro’’ has become a household word throughout the oil world and it can be relied upon to give 
satisfactory service in heat exchange equipment using sea or estuarine cooling water which is free from silt. 
Its main advantages are: 
(1) High resistance to corrosion on both product and water side. 
(2) Like other ‘* Yorkshire "’ alloys, it is immune from attack by dezincification and season cracking. 
(3) It renders possible the much longer ‘‘ on stream "’ runs obtainable with refinery plant today. 


(4) High water speeds are permissible with ‘* Yorcalbro’’ tubes because of their resistance to corrosion-erosion, 
and initial heat transfer is better maintained with this alloy than with any other alloy. 


(5) Although the cost of ‘* Yorcalbro"’ is about 6 per cent higher than that of ordinary brass tubes, this is offset 
by its longer life and trouble-free service, resulting in reduced maintenance charges. 


THE YORKSHIRE COPPER WORKS LTD +- LEEDS & BARRHEAD 


OUR HIGH QUALITY IS MAINTAINED... 


IN ALL FITTINGS SUPPLIED TO 
REFINERY & CHEMICAL PLANTS 


Please write for bulletins which give 
full technical information on each type 
of fitting - - 


. 7000 SOLID BODY TYPE 


NEW 5000 TYP 


180° RETURN BEND 


TELEPHONE - BRAINTREE 149! 


» RETURN BEND JUMP-OVER TYPE 
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Towns Gas 


Synthesis Gas 
Girbotol Plants 
: Reforming Plants 


Sulphuric Acid 
ae and Sulphur Recovery 


| Catalytic and non-catalytic 
1 
: Oil Gas Processes 


Pease-Anthony Scrubbers 


Plate Fabrication 
Pressure Vessels 
Floating Roofs 
Radiography 
Gasholders 
Pipe Work 


Heat Exchangers 


Meehanite 
Castings 


ASHMORE, BENSON, PEASE & COMPANY 
STOCKTON-ON-TEES AND LONDON 
AUSTRALIA.» CANADA INDIA FRANCE + SOUTH AFRICA 


THE POWER-GAS CORPORATION LIMITED | 
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TO COUNTER CORROSION . 


Now they’re using 


A view of the interior of one of 
the cooling tanks, showing the 
Inconel coils. 


Clyde Oil Extraction Ltd., of Glasgow are refiners of edible oils, 
and commence with bases such as maize seed, soya beans and 
palm kernels. During the final stages of refining it is necessary 
to cool the purified oi] from temperatures of around 150°C, and 
cooling vessels using Clyde river water are used. The coolant is 
fed under pressure through the coils in the vessels and the hot 
oil is maintained under vacuum to retard oxidation; the oil is 
agitated until its temperature f*lls to 50°C, when the vacuum is 
released. Oils refined at this plant are ultimately used for the 
manufacture of margarine and cooking fats. 

In the region of the Clyde Oil plant the water contains numerous 
impurities, some of which are exceptionally corrosive. The 
cooling coils, therefore, have to be constructed of a material 
fesistant to attack by a wide range of corrosive substances found 
in the cooling water, and to possible attack on the outside by the 
refined oils at temperatures of up to 150°C. 


Inconel, 2 nickel-chromium-iron alloy has a high degree of 


resistance to corrosion under operating condition s such as those at 
Clyde Oil, and wae therefore the material chosen for the cooling 
coils, Each coil was fabricated in 8 sections from 2 in. bore 
16-gauge tubing using normal oxy-acetylene welding procedures. 
This application is typical of the many ways in which Inconel 
and other Wiggin corrosion-resistant alloys are increasing 
efficiency in industrial ptocesses which involve severe 
temperature and corrosive conditions. 


OUR TECHNICAL SERVICE 


is — to assist those with problems involving 
of materials =e resist corrosion or 


Please write to us. 


* Inconel’ is a Registered Trade Mark 


4 HENRY WIGGIN & COMPANY LIMITED sreser 
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Atmospheric and Vacuum Distillation Units 


Combined Distillation, Cracking, Reforming and 
Vapour Phase Treating Units 


Pressure Distillate Re-run Units 
Gasoline Recovery and Stabilization Units 


Fractionating Columns and Tube Stills 


Wax Refining, Sweating and Moulding 


A. F. CRAIG & COMPANY LIMITED 


CALEDONIA ENGINEERING WORKS + PAISLEY + SCOTLAND 
LONDON OFFICE: 727 SALISBURY HOUSE - LONDON WALL - E.C.2 - PHONE NATIONAL 3964 
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